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ABSTRACT 
 
Golisano Institute for Sustainability  
Rochester Institute of Technology 
 
Degree: Master of Science       Program: Sustainable Systems 
Name of Candidate: Yang Yue 
Title: Performance and Durability of High-Temperature Proton Exchange Membrane Fuel Cells Operated     
         on Propane Reformate 
 
 
     As supplies of petroleum and natural gas are constrained in many regions, and the emissions 
associated with fossil fuel combustion appear to be strongly connected to climate change, the 
development of renewable energy systems has become one of the urgent research directions. Fuel 
cells, with extremely low CO2 emissions, high energy density, efficiency and reliability, are now 
being considered as one of the most important alternatives to fossil fuel-based energy systems. In 
the field of new power sources for automotive, portable and residential applications, proton 
exchange membrane fuel cells (PEMFCs) have gained more attention in the last decade due to 
their high energy density, low emission generation, and relatively low temperature operation that 
enables rapid start-up.  
     Despite the many advantages of PEM fuel cells, one of their significant shortcomings is the 
requirement of a very pure hydrogen supply, wherein the concentration of carbon monoxide (CO) 
is less than 10 parts per million. An alternative technology, the so-called high temperature proton 
exchange membrane fuel cell (HT-PEMFC) uses an alternative membrane material that enables 
higher temperature operation and thus minimizes the impact of CO poisoning of the 
electrochemically active components. Key operational parameters, such as temperature, pressure, 
anode dilution (N2 and CO), start-up and shut-down processes were studied in this thesis as they 
are critical to fuel cell performance and need to be comprehended to support deployment in real-
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world applications. The system simulated in this empirical study was an HT-PEMFC integrated 
with a propane catalytic partial oxidation (cPOx) reformer that may be suitable for mobile 
applications. The HT-PEMPC was supplied with simulated cPOx reformate comprised of 49% 
nitrogen, 28% hydrogen and 23% carbon monoxide. The results indicate that pressure is the critical 
factor in controlling fuel cell performance, and potentially enhancing durability at relatively high 
cell temperature that minimizes voltage loss due to CO poisoning. A start-up procedure involving 
changes in cross-MEA pressure gradient (ΔP) was found to be beneficial to the HT-PEM fuel cell 
power output. It was additionally found that up to 20% nitrogen dilution in anode did not 
significantly affect fuel cell performance. While fueling with simulated propane cPOx reformate, 
the HT-PEMFC performed well for more than 200 hours, indicating that the potential exists for 
durable operation with judicious selection of cell operating conditions. This effort has shown that 
HT-PEM fuel cells with an integrated propane reforming system has enormous potential in mobile 
applications such as unmanned aerial systems.  
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1. Introduction 
As global warming becomes a more severe issue, the reduction of CO2 emissions and 
sourcing energy from renewable sources is of great importance. Fuel cells, with extremely low 
CO2 emissions, high energy density, energy efficiency and reliability, are now being considered 
as important alternatives. When supplied with pure hydrogen generated from renewable energy 
(solar, wind, nuclear etc.), the only byproduct is water and the net emissions approach zero. Among 
the various types of fuel cells, the proton exchange membrane fuel cell (PEMFC) is a promising 
option for next generation energy production [Araya et al. (2016)]. 
The recent focus of fuel cell system research has been on large stationary power supplies, 
portable devices [Wilberforce et al. (2016)] and passenger vehicles [Toyota Motor Corporation. 
(2015)]. These applications typically require power outputs of a few watts for small portable 
devices, and up to 300 kW to 20 MW for large stationary power plant [Spiegel (2007)]. There are 
numerous applications that have “medium level” power requirements between 0.5 and 5 kW. Some 
examples are unmanned aerial systems (UAS), residential power generators, and auxiliary power 
units. Many of the applications having medium level power requirements also demand quick start–
up time, ease of refueling and require a portable power generator. In meeting these requirements, 
high specific energy is a significant advantage of fuel cells as compared to internal combustion 
engines (ICEs) and batteries. 
 PEM fuel cells achieve their best performance when supplied with pure hydrogen. 
However, because hydrogen storage technology and reliable low-emission generation methods are 
still under development, for many applications, especially automobiles, pure hydrogen is not 
presently an economically viable option. Presently, more than 90% of H2 is generated from 
hydrocarbon fossil fuels by a process called steam reforming (SR). Although SR generates carbon 
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emission, it is the cheapest method to generate hydrogen at large scale and is considered the most 
viable and incremental process toward fully sustainable H2 generation whose ultimate sources will 
be renewable. This thesis reports on a fully sustainable fuel cell option, which also bridges the 
engineering gaps required for a viable commercial system.  
Researchers and automobile manufactures have been working on PEMFC for decades and 
have achieved significant technological advances [Chandan et al. (2013)]. The two most 
significant remaining challenges to be solved are cost and durability.  
 
1.1 Principle and theory of fuel cells 
 
A fuel cell is a device that directly converts chemical energy contained in the supplied fuel 
into electricity, and thus can be considered an electrochemical power generator. Because it can 
complete the energy conversion process at a constant temperature, Carnot cycle limitations do not 
apply, leading to relatively high energy efficiency. The basic components of a fuel cell are the 
anode section, cathode section, electrolyte and external load. As shown is the Figure 2.1, the fuel 
enters the left side of the cell and air enters the right side. Accelerated by the catalyst on the 
electrodes, H2 and O2 are separated into their atomic constituents driven by their redox 
characteristics. The middle section is the electrolyte that only allows hydrogen ions (H+) to pass, 
but forces the electron transport through the external circuitry, which will generate the current.  In 
this process, the fuel side is the anode section and air side is the cathode section. As summarized 
below, if the fuel is pure hydrogen, H2O will be the only reaction product: 
 
Anode reaction H2 → 2 H+ + 2 e- 
Cathode reaction ½ O2 + 2H+ + 2e- → H2O 
Total reaction H2 + ½ O2 → H2O 
Table 2.1.  Electrochemical fuel cell reactions 
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Figure 2.1 Schematic diagram of PEMFC 
 
 Although on the surface fuel cells appear to follow the regular battery principle of 
operation, they actually function more like a diesel or gasoline power generator. In the case of a 
battery, fuel and oxidizer are stored within the electrochemical cell; for the fuel cell, they are stored 
outside the cell. During operation, the fuel cell requires continuous supplies of fuel and oxidizer, 
as well as a mechanism for elimination of byproducts. To maintain a steady operation temperature, 
a certain amount of waste heat should be simultaneously eliminated. The fuel cell device itself 
12 
 
determines the output power, and the energy capacity depends on the sub-systems associated with 
the fuel and oxidizer. 
During operation in practical applications, an energy supply device should satisfy the 
required output power. In this connection, fuel cells have wide flexibility. The maximum 
theoretical voltage of single fuel cell H2-O2 redox reaction at room temperature is approximately 
1.2 V [Larminie et al. (2003)]. The current that a fuel cell can generate is determined by the 
working area of the membrane electrode assembly (MEA) and the current output ability of the 
MEA material system and is presented in units of A/cm2. By multiplying two factors (working 
area size and current output ability of a MEA), the current of a fuel cell can be calculated.  To 
achieve higher voltage, a fuel cell “stack” is assembled by connecting multiple cells in series. The 
number of cells stacked together is dictated by the voltage requirement of the target application. 
For example, the propulsion system of the 2017 Toyota Mirai fuel cell vehicle has a single 370-
cell stack with 113 kW power output [Toyota Motor Corporation. (2015)]. 
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Figure 2.2.  Schematic of proton exchange membrane fuel cell components  
(UC Davis Fuel Cell Lab)  
 
   
1.2  Types of fuel cells and their applications 
 
   There is a variety of fuel cell devices targeting different applications. The main difference in 
these devices are the materials employed as device components. Five device types dominant: 
proton exchange membrane fuel cell (PEMFC), alkaline fuel cell (AFC), phosphoric acid fuel cell 
(PAFC), molten carbonate fuel cell (MCFC) and solid oxide fuel cell (SOFC) [El-Gohary et al. 
(2013)]. SOFC can be fed with auxiliary gas and operate at high temperatures (around 800℃). 
With 35% or more efficiency and high-power output, SOFC systems are suitable for building 
power supply or other stationary applications. AFC and PEMFC can work at low temperatures, 
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enabling quick start-up and response to load transients, and are more suitable for vehicles. Table 
2.2 provides a summary of the characteristics and applications of different types of fuel cell. 
Fuel cell type Electrolyte 
Temperature 
range (℃) 
Output (kW) 
Efficiency 
(%) 
Application 
PEMFC 
Solid organic 
polymer 
50-100 <1/250 25-58 
Backup power                                       
Small Distributed 
generation 
Transportation     
AFC 
Aqueous solution of 
potassium 
hydroxide 
90-100 10-100 60 
Military                                      
Space 
PAFC 
Liquid phosphoric 
acid 
150-200 50-100 >40 
Distributed 
generation 
MCFC 
Liquid solution of 
lithium, sodium 
and/or potassium 
carbonates 
600-700 <1-100 45-47 
Large distributed 
generation 
SOFC 
Yttria stabilized 
zirconia 
600-1000 <1-3000 35-43 
Auxiliary power                       
Large distributed 
generation 
 
 
Table 2.2.  Summary of types of fuel cells [reproduced from El-Gohary et al. (2013)] 
 
 
 
1.3  Distinction between low- and high-temperature PEMFCs  
Since their original discovery by Sir William Robert Grove over 150 years ago, fuel cells 
have been continuously refined, with the greatest developments occurring in the late 20th and early 
21st centuries. Proton exchange membrane fuel cells (PEMFCs) can be classified into two primary 
categories based on their operating temperature: low temperature (LT-PEMFC) with nominal 
operating temperature in the range of 60~80°C, and high temperature (HT-PEMFC) with operating 
temperature around 140°C~200°C. As discussed above, the critical part of the PEMFC is the 
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membrane electrode assembly (MEA), comprised of a proton-conducting membrane sandwiched 
between anode and cathode electrodes. The LT-PEMFC typically uses the solid electrolyte 
perfluorosulfonic acid (tradename Nafion) as the membrane material. It has a hydrophobic phase 
that functions as the bicontinuous phase for the structural integrity of the membrane, as well as a 
co-continuous hydrophilic phase containing sulfonic acid groups and water. [Rosli et al. (2017)]. 
Because the membrane requires water to facilitate proton transport, the practical upper temperature 
limit for operation of LT-PEMFC is 100°C. Higher temperatures will dry the Nafion membrane, 
resulting in an increase in the transport resistance. Water management is a critical system design 
consideration for LT-PEMFCs. If the water content is not sufficient, the membrane will be 
dehydrated, proton conductivity will be reduced and cell resistance increased. An over-hydrated 
condition on the cathode side will cause flooding and the transport of oxygen through the porous 
gas diffusion electrode will be restricted [Bazylak et al. (2009)]. To lower cost, by the 1980’s the 
catalyst loading had been reduced by 10 to 100-fold [Chandan et al. (2013)]. The LT-PEMFC has 
a very low tolerance to impurities in the fuel, requiring 99.99999% pure hydrogen that is costly to 
produce [Nakajima et al. (2015)]. Because of their higher operating temperatures, the HT-PEMFC 
system is much more tolerant of fuel contamination, especially carbon monoxide (CO). 
At higher temperatures, electrode kinetic activity is increased, thus enhancing the reaction 
rate and increasing the power density of the fuel cell. At operating temperatures higher than 100°C, 
the generated water will be in gas phase and can be readily exhausted from the cell, thus 
eliminating the flooding issue prevalent in the LT-PEMFCs, and greatly simplifying the water 
management system. This can, in principle, increase the performance and reliability of HT-
PEMFC stack systems. With a significant temperature difference between the fuel cell and the 
environment, the energy utilization of HT-PEMFC is much higher and the waste heat can be 
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utilized in the hydrogen generation and fuel supply systems. Simultaneously, due to the higher 
operating temperature, the carbon monoxide poisoning effect is greatly mitigated. Liu et al. (2016) 
have reported that the HT-PEMFC running in the temperature range 160 - 200°C can be operated 
without external gas humidification and tolerate contaminated fuel streams. In addition, the high 
temperature waste heat produced can easily be recycled for other applications (e.g., heat and power 
cogeneration, or on-board reforming). With no water management system, the result is increased 
efficiency and a simplified system architecture.  
 
1.4 Impact of CO poisoning 
 
The CO poisoning phenomena arise because the platinum catalyst has a “preference” for 
absorbing CO over hydrogen (H2). Due to the more negative Gibbs free energy of absorption, CO 
is more strongly bonded to platinum than is H2. When both CO and hydrogen are in the fuel 
supplied to the anode electrode, the rate of electro-oxidation of the hydrogen is so rapid that the 
surface potential is governed by the hydrogen electro-oxidation reaction. Because this potential is 
less than that needed to oxidize CO, the CO remains at the coverage dictated by the adsorption 
isotherm, which is a complex function of potential, temperature, CO concentration and catalyst 
structure [Baschuk et al. (2001)]. With even a small amount of CO in the fuel, the catalyst will be 
completely covered with CO, and the reaction rate of hydrogen will be reduced.  
The CO poisoning effect can be reduced by increasing the Pt load in the catalyst or 
modifying catalyst to enhance the CO desorption rate. However, the benefit vs. cost is so small 
that the practical application cannot be realized. Increasing the operating temperature and 
decreasing the CO concentration are the two operational strategies to reduce the CO poisoning 
coming from the feeding reformate. By increasing the operating temperature, the H2 adsorption 
rate is increased and CO desorption rate is decreased. The CO “preference” of adsorption onto the 
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anode catalyst is also reduced when the fuel cell is operated at 160-200°C, as compared to 
temperature lower than 100°C. As Li et al. (2004) demonstrated, 3% CO in hydrogen can be 
tolerated at current densities up to 0.8 A/cm2 at 200°C, 0.1% CO can be tolerated at current 
densities up to 0.3 A/cm2 at 125°C, and 0.0025% of CO (25 ppm) can be tolerated at current 
densities up to 0.2 A/cm2 at 80°C. 
 
2. Fuel Reforming and HT-PEM Systems 
 
2.1 Hydrogen production from hydrocarbon feedstocks 
 
Hydrogen is nominally the most promising fuel for a PEMFC. However, wide scale use of 
H2 as a fuel source for a PEMFC not commercially viable. Steam methane reforming (SMR) is a 
mature production process that catalytically converts methane (CH4) into hydrogen-rich reformate 
in high-temperature steam (700-1000°C). SMR is the most advanced and mature production 
process to generate hydrogen at high purity.  The Department of Energy (DOE) has reported that 
the United States annually produces about 10 million metric tons of hydrogen, more than 95% of 
which is produced by SMR of natural gas [Dagle et al. (2017)]. The SMR product contains 
hydrogen, carbon monoxide, and carbon dioxide.  
Steam reforming can be employed to produce hydrogen-rich reformate from other 
hydrocarbon sources, including ethanol, propane, and gasoline. Propane (C3H8) has long been used 
in residential applications, and it is widely available and acceptable by the general public (Figure 
2.1). Propane can also be liquefied for storage and reservoirs can be easily refueled.  
18 
 
 
Figure 2.1. Coleman disposable propane bottle (16.4 oz) 
 
 
In the presence of steam, propane can be converted into hydrogen in accordance with the 
following equation [Kim et al. (2017)]: 
 
C3H8 + 6H2O → 3CO2 + 10H2, ΔH°298 = 499 kJ/mol 
 
As the industrial operations can optimize the reaction, the high hydrogen yield of 10 hydrogen 
moles per mole of propane can be achieved, making the propane steam reforming the most 
economical pathway for hydrogen generation. Although SR is an advanced and mature production 
process, the complexity of the system and huge facility requirements (Figure 2.2) render it ill-
suited for mobile applications. A desirable mobile fuel processor should have a short start-up time, 
and be highly efficient, light-weight, durable and reliable.  
  Since it is an exothermic reaction with air being the oxidant, the catalytic partial oxidation 
(cPOx) fuel reformer seems to satisfy these requirements. cPOx is a reforming process fed with 
hydrocarbon fuel mixed with air over a catalyst bed at elevated temperature. The products are H2, 
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CO and N2, with small amounts of CO2 and H2O.  Dadyburjor et al. (2016) and Corbo et al. (2007) 
have investigated the mechanisms of the propane cPOx process. The primary reaction of propane 
cPOx is  
C3H8 + 1.5 O2 → 3CO + 4H2 (-227.5 kJ/mol) 
 
 
 
Figure 2.2. Steam Methane Reforming Plant, Germany | Air Liquide 
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     There are complex sets of competing reactions that occur during the catalytic oxidation 
process. Except for the primary reactions partial oxidation (POX) and total oxidation (TOX), the 
secondary reactions, involving products of the primary reactions, will be in process to different 
degrees. These reactions are: steam reforming (SR), water-gas shift (WGS), methanation (MET), 
dry reforming (DR), water formation (WF), and finally uni-molecular reactions involving only the 
hydrocarbon: dehydrogenation (DH), carbon deposition (CD), and cracking (CR) [Dadyburjor et 
al. (2016)].  
𝐶3𝐻8 + 5𝑂2 → 3𝐶𝑂2 + 4𝐻2𝑂  
𝐶3𝐻8 + 3𝐻2𝑂 → 3𝐶𝑂 + 7𝐻2𝑂  
𝐶𝑂 + 𝐻2𝑂 ↔ 𝐶𝑂2 + 𝐻2  
𝐶𝑂 + 3𝐻2 ↔ 𝐶𝐻4 + 𝐻2𝑂  
𝐶3𝐻8 + 3𝐶𝑂2 ↔ 6𝐶𝑂 + 4𝐻2  
2𝐻2 + 𝑂2 ↔ 5𝐻2𝑂  
𝐶3𝐻8 ↔ 𝐶3𝐻6 + 𝐻2  
𝐶3𝐻8 ↔ 3𝐶(𝑠) + 4𝐻2  
𝐶3𝐻8 ↔ 𝐶2𝐻4 + 𝐶𝐻2 
 
As the reaction is exothermic (ΔH<0), the cPOx process has the advantage in simplifying 
system design compared to SR systems. However, cPOx yields lower levels of hydrogen per mole 
of hydrocarbon input than SR processes, as well as consuming a portion of the fuel heating value 
to supply the heat for the endothermic reforming reaction, and results in lower system efficiencies 
(approximately 3–10% below systems using SR) [Braun et al. (2012)]. However, the total energy 
efficiency can be promoted if the waste heat of cPOx can be recycled to support other parts of the 
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system. As mentioned previously, the steam reforming (SR) process involves significant system 
complexity rendering it unsuitable for mobile applications. SR would provide higher H2 yield, but 
requires significant water input during the process, which is impractical for mobile applications 
also. Simultaneously, the partial oxidation process shows several advantages over steam reforming 
including good response time, compactness, less sensitivity to fuel variation [Sengodan et al. 
(2018)], short start-up process, less system complexity and much smaller infrastructure scale (lab 
apparatus shown in Figure 2.3).  As these advantages satisfies the most requirement of a mobile 
hydrogen generation application and the primary objective of this research is achieving long 
duration (>200 hours) for UAS applications, cPOx process is preferred in this thesis.   
 
Figure 2.3. cPOx reactor and related instruments 
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2.2 Membranes for HT-PEMFC systems 
 
Two types of membranes, polybenzimidazole (PBI) and pyridine bearing aromatic 
polyethers (TPS), have garnered most research attention in HT-PEMFCs [Myles et al. (2017)]. 
The focus of this research is the phosphoric acid (PA)-doped PBI membrane. The working 
principle of HT-PEMFC is inspired from phosphoric acid fuel cell (PAFC), which also uses 
phosphoric acid (PA) as the electrolyte and works at similar operating temperatures [Araya et al. 
(2016)]. Phosphoric acid is a liquid with good conductivity and thermal stability. An 85wt% 
phosphoric acid solution in water is an almost ideal proton conductor [Daletou et al. (2014)] and 
additional water evolved will increase the conductivity: 
H3PO4 + H2O == H2PO4
- + H3O
+ 
As shown in the equation above, additional water will lead to increased dissociation of the acid, 
which increases the number of charge carriers. The maximum conductivity will be achieved at 
45wt% PA, which is 0.22 S/cm [Li et al. (2004)].  
As compared to the PAFC architecture that locks PA in a silicon carbide (SiC) matrix 
[Sammes et al. (2004)], phosphoric acid-doped PBI membranes retain PA by the solid polymer in 
chemical and mechanical way. PBI materials takes advantage of the basic character of the 
benzimidazole ring which enables them to be doped with acids to prepare proton conducting 
membranes [Asensio et al. (2010); Xiao et al. (2005)]. Even at high temperatures (150°C - 200°C), 
PA doped PBI still maintains high thermal stability and conductivity. High temperature durability 
is the key beneficial property of PBI membranes in comparison with perfluorosulfonic acid 
polymer membranes that do not perform well above 80°C. Because PBI membranes can be 
operated at high temperature, PBI-based HT-PEMFC systems have improved tolerance to 
impurities (especially CO tolerance) [Bose et al. (2011)], easier cooling and heat recycling, 
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enhanced electrode kinetics [Zhu et al. (2014); Liu et al. (2016)], simpler water management and 
alternative non-noble element catalyst choices [Maiyalagan et al. (2010)].  
 
2.3 Current state of HT-PEM technology and research gaps   
 
The most common method to represent fuel cell performance is the polarization curve (I-
V curve). It is simple and directly reflects the operation profile of the cell. Simultaneously, the cost 
of the test is relatively low, because it does not require extra measurement equipment as in the case 
of cyclic voltammetry (CV) or impedance spectroscopy.  
 
Figure 2.4. Performance of baseline RIT polarization curves of the tested MEAs as compared to 
data provided by the manufacturer. Each curve is labeled with the research organization and 
MEA type, the anode and cathode stoichiometric ratios, the operating temperature, and the 
publication year for the data source [Waller et al. (2016)]. 
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As mentioned earlier in this manuscript, durability is a critical element that directly affects 
the utility of a fuel cell. The 120°C-200°C operation temperature in an acidic membrane 
environment with humidity will generate a severe working condition for a fuel cell. Increasing the 
temperature or lowering the humidity will reduce the degradation rate and prolong the duration of 
a fuel cell. The lifetime of a fuel cell is one of the major issues for HT-PEMFC. The DOE durability 
targets for stationary and transportation fuel cells are 40,000 hours and 5,000 hours, respectively, 
under realistic operating conditions [Energy.gov (2019)]. 
As the HT-PEMFC platform is a promising energy conversion technology, especially for 
high impurity tolerance, investigation of performance in reformate-based systems fuel with 1% 
CO or higher has become popular in recent research. Pinar et al. (2017) tested PA/PBI membranes 
with different compositions of CO2, H2O and H2 with 1% CO at 160°C. They concluded that (a) 
operating at temperatures higher than 160°C will diminish the CO catalyst coverage, (b) CO 
poisoning on anode catalyst is time dependent, (c) high current densities enhance CO catalyst 
coverage, and (d) dry gas purge on anode reduces voltage fluctuation. Simultaneous post-mortem 
analysis of the membrane with computed tomography (CT) investigations after durability testing 
showed cracks in the catalyst layer and slight expansion of the MEA. This is evidence that physical 
factors may cause fuel cell performance reduction. [Das et al. (2009)] evaluated the performance 
of PA/PBI cells with CO concentrations of 2-5% at 140-180°C. Their results indicated that, other 
than doping level, current density, and stoichiometric ratio, temperature is the dominant factor that 
affects the CO poisoning. For a high temperature PEM fuel cell operating at or above 180°C, the 
reformate gas with high CO concentration can be directly fed to the cell from the fuel processor. 
Jiao et al. (2013) tested HT-PEMFCs with 0-20% CO in the fuel at 160°C, as well as different 
flow channel designs. Their results indicated that performance degradation caused by CO 
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poisoning was minimized with a parallel flow channel design, however the power output of the 
serpentine design was higher than that of the parallel design. Li et al. (2003) tested the performance 
of PA/PBI membranes where the highest CO concentrations were up to 16% at 200℃. At a 
constant voltage of 0.5V, the fuel cell performance loss was around 30% at 16% as compared to 
no loss in the absence of CO. In a report by Korsgaard et al. (2006), a model was developed based 
on data acquired from PBI membranes operated at 180-200°C with 0.1-10% of carbon monoxide, 
to estimate the anode over potential due to CO poisoning. The work of Waller et al. (2015) showed 
that the fuel delivered to the anode side of the HT-PEM after the cPOx process contains more than 
20% CO. However, when the fuel cell is operated at 200°C, there are no published studies on the 
effect of CO concentration at such high levels. 
The focus of the experimental campaign described in Section 3 was durability, and centered 
on studies of the effects of various operating conditions of the PEMFC. Factors like temperature, 
pressure, anode dilution effect, start-up & shut-down processes and carbon monoxide poisoning 
of the catalyst were considered. In addition, a set of durability tests for a HT-PEM fuel cell working 
under controlled operating conditions with simulated reformate was conducted. It is believed 
simulating real application conditions is the most effective way to determine the gaps and obstacles 
to commercialization.  In the current research, the PBI-based HT-PEM fuel cell was supplied with 
fuel comprised of 49% nitrogen, 28% hydrogen and 23% carbon monoxide, simulating the 
reformate directly generated from the propane catalytic partial oxidation (cPOx) reaction. By 
controlling factors like temperature, pressure, current density and specific steps in the membrane 
electrode assembly (MEA) break-in process, the overarching objective was to achieve acceptable 
performance to satisfy the requirements of unmanned aerial system (UAS) applications. 
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3. HT-PEMFC Experimental Methods and Results 
To better understand different degradation modes for HT-PEM fuel cells, three aspects of 
PEM fuel cell performance during operation will be discussed in this section: (a) anode dilution 
and CO poisoning; (b) start-up/shut-down; and (c) long-term voltage degradation at constant load. 
In each subsection, the experimental method is first introduced and then the results of research will 
be discussed. Depending on the results, conclusions and implications for future research are also 
provided. 
 
3.1 Effects of anode dilution and CO poisoning 
 
Due to results acquired from prior research [Waller et al. (2015)], the variable components 
of the reformed gas were nitrogen, hydrogen and carbon monoxide in the molar ratio of 49:28:23. 
Although there are published studies of the effect of anode CO2 dilution in HT-PEMFCs 
[Moçotéguy et al. (2009)] and N2 dilution on on low-temperature PEM fuel cells [Springer et al. 
(2001), Danielson et al. (1978), Berkó et al. (1992)], to the author’s knowledge there are no similar 
reports on N2 dilution in HT-PEM fuel cells. The purpose of this test campaign was to empirically 
determine the relative effect of N2 and CO dilution vs. CO poisoning at high concentrations. These 
experiments were conducted by running pure H2 diluted with N2 at some mixture fractions first, 
then H2 mixed with CO at the same molar ratios. 
 
3.1.1 Experimental materials and method 
All experiments were performed using a modified Hydrogenics fuel cell test stand. The 
PBI-based MEAs were purchased from Advent Technologies with 45.2 cm2 active areas. Although 
BASF has stopped manufacturing the Celtec series MEAs, it licensed their technology to Advent 
27 
 
Technologies. The MEAs used in these tests were from Advent Technologies using the same 
materials and assembly processes as developed by BASF for the P1100W HT-MEA and are known 
for having the highest phosphoric acid content of any commercially available high temperature 
membranes [Advent Technologies Inc. (2014)]. The total precious metal loading was 1.7 mg/cm2 
(anode + cathode) and the proton conductivity was 10 × 10-2 S/cm. The actual amount of precious 
metal loading on the anode and cathode was not provided by the manufacturer, and thus the catalyst 
composition was not precisely known. 
The test cell shown in Figure 3.1 was supplied by Fuel Cell Technologies. It was assembled 
with two metal end plates with heating rods used to control the cell temperature via a computer-
controlled relay and two graphite plates with flow channels cut in a quad serpentine pattern. 
    
Figure 3.1. Fuel Cell Technologies test cell and quad serpentine pattern flow channels 
     
 Before starting a new test, a break-in process was required for the PBI membranes. 
According to the manufacturer’s specifications, the break-in process involved a pure hydrogen gas 
supply at 0.2 A/cm2 and temperature of 160oC for 24 hours duration. After break-in, a polarization 
curve was run from 0 to 1.5A/cm2 to record the cell condition. All polarization curves were run 
with anode stoichiometric ratio of 1.5 using pure hydrogen, and cathode stoichiometric ratio of 2 
using air. 
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The test stand used for all fuel cell experiments (Figure 3.2) controlled cell back pressure 
using diaphragm regulators, and gases N2, H2, and air were metered using Brooks mass flow 
controllers calibrated to control the desired gas flow rates. The operation software was a LabVIEW 
control and data acquisition system that automatically measured polarization curves, monitored 
and controlled cell temperature, pressure and gas flows. There was another isolated gas supply 
system installed for CO and N2 using Alicat gas mass flow meters, controlled by the company’s 
Flow Vision software. The temperatures at inlet and outlet ports were maintained above 120℃ to 
prevent water condensation within the cell. The water stayed in gas phase within the cell and then 
condensed in the exhaust cooling coils, and was ultimately removed from the test stand. 
 
Figure 3.2. HT-PEMFC single cell test setup 
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The purpose of this test was to empirically determine the relative effects of CO dilution vs. 
CO poisoning at high concentrations. These tests are completed by running pure H2 diluted with 
N2 at certain mixture percentages first, then H2 mixed with CO at the same relative amount (on a 
molar basis). A baseline polarization curve was taken before each test, and then the N2 and CO 
concentrations were separately tested at 1, 3, 5, 10, 15, and 20%. These tests were performed at 
cell temperatures of 160, 180 and 200 ℃ (Table 3.1). 
Temperature 
(℃) 
CO% N2% 
160 1 1 
160 3 3 
160 5 5 
160 10 10 
160 15 15 
160 20 20 
180 1 1 
180 3 3 
180 5 5 
180 10 10 
180 15 15 
180 20 20 
200 1 1 
200 3 3 
200 5 5 
200 10 10 
200 15 15 
200 20 20 
Table 3.1. Anode dilution and CO poisoning test matrix  
(An/Ca stoichiometric ratios of 1.5/2 and pressure of 101.3 kPa for all) 
 
 
3.1.2 Results and discussion 
Figure 3.3 displays the results of all the tests listed in the Table 3.1, and comprehensive 
over view of the experimental variables (temperature, N2 concentration, CO concentration). Before 
each test, a polarization curve was acquired to act as base line for each test section. The 
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comparisons across each horizontal row of figures shows the fuel cell performance variation due 
to the increase of N2 dilution and CO concentration at same temperature. The comparisons along 
the figures in each vertical column reflect the performance differences at different temperatures 
while having the same ratio of nitrogen or carbon monoxide in the anode feed gas. 
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Figure 3.3. PBI MEA performance curves as a function of anode N2 concentration, CO 
concentration and temperature 
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For each test condition illustrated in Figure 3.3, the polarization curves with N2 dilution 
coincide closely with the baseline case of 100% hydrogen. Taking the 160℃_1%N2 _1%CO figure 
as an example, the N2 dilution curve (1% N2) almost exactly overlaps the baseline 100% H2 
condition. This phenomenon indicated that lower percentage (≤ 20%) of N2 dilution will not have 
an obvious effect on the fuel cell performance. The comparison of the same ratio of N2 and CO in 
feeding gas indicates that the CO poisoning effect is much more severe. For the 1% CO curve, the 
voltage difference is gradually increasing compared to the baseline as the working load (current 
density) increases, while the 1% N2 curve closely overlaps the base line curve. At a specific 
working load, 0.9 A/cm2 as an example, the difference between base line and 1% N2 is 0.013V 
(i.e., 0.536-0.523 = 0.013V), however, the difference between baseline and 1% CO is 0.047V. The 
more than 3 times greater difference indicates that the CO effect is associated more with catalyst 
poisoning than mass transport resistance introduced by diluting hydrogen in the fuel stream. 
Whether it is N2 or CO feeding to the anode in the same ratio, the hydrogen in the anode is diluted 
to the same level. As it was clearly indicated that N2 dilution did not obviously affect fuel cell 
behavior, it is reasonable to expect that the CO dilution effect can be largely ignored, at least for 
molar concentrations up to 20%.  
Each horizontal row of sub-figures across Figure 3.3 shows the polarization curves of pure 
H2 and N2/CO concentrations of 1, 3, 5, 10, 15, and 20% at the same temperature. To better explain 
the differences among the various test conditions, the 160℃ data will be analyzed in greater detail 
as an example (Figures 3.4 and 3.5). The 0% CO dilution represents the baseline curve associated 
with feeding 100% hydrogen gas, and the CO concentration increases from left to right. At the 
working load of 0.2 A/cm2, as shown in Figure 3.4, it is apparent that the CO curve is dramatically 
separating from the base line as the concentration of CO increases. When the ratio reaches 10% 
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CO at 0.7 A/cm2 (Figure 3.5), the voltage feedback is lower than 0.2V, which was the lower voltage 
limit of the test stand. The 20% CO condition illustrated at the bottom of Figure 3.6 indicates that 
limiting current is around 0.2 A/cm2. 
 
 
Figure 3.4. Voltage feedback for different CO concentrations at 0.2A/cm2, 160℃ 
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. 
Figure 3.5. Voltage feedback for different CO concentrations at 0.7A/cm2, 160℃ 
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Figure 3.6. Fuel cell performance curves as a function of anode N2 dilution, CO concentration at 
160℃ (top horizontal row of Figure 3.3) 
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     Comparison among figures arranged vertically in Figure 3.3, with sub-sets presented in Figures 
3.7 – 3.12, reflect the performance variations at different temperatures while having the same ratio 
of nitrogen or carbon monoxide in the anode fuel gas stream. As the temperature increases, the 
separation between CO dilution curves and baseline keeps reducing. As indicated in Figure 3.13, 
each concentration set shows the same pattern with the voltage level increasing from left to right, 
which indicates that the low temperature voltage feedbacks are lower than those at high 
temperatures. The voltage feedback reduction is very significant at 160℃ compared to 200℃. As 
shown in Figure 3.14, the voltage difference between 20% CO and base line of 160℃ is 0.407v, 
which is much larger than the difference observed for the 200℃, 20% CO condition (0.015v). 
These results indicate that the CO poisoning effect will be suppressed at higher cell operating 
temperatures. 
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Figure 3.7. Fuel cell performance at 160, 180, 200℃ with 1% CO and N2 anode dilution  
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Figure 3.8. Fuel cell performance at 160, 180, 200℃ with 3% CO and N2 anode dilution  
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Figure 3.9. Fuel cell performance at 160, 180, 200℃ with 5% CO and N2 anode dilution  
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Figure 3.10. Fuel cell performance at 160, 180, 200℃ with 10% CO and N2 anode dilution  
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Figure 3.11. Fuel cell performance at 160, 180, 200℃ with 15% CO and N2 anode dilution  
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Figure 3.12. Fuel cell performance at 160, 180, 200℃ with 20% CO and N2 anode dilution  
 
43 
 
 
Figure 3.13. Voltage feedback of different CO concentrations and temperatures at 0.2A/cm2 
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Figure 3.14. Voltage differences for various CO concentrations and cell temperatures  
at 0.2 A/cm2 
 
3.1.3 Conclusions and implications 
This section presented performance data for BASF’s Celtec P1100W HT-PEM PBI-based 
membrane electrode assemblies (MEAs) over wide ranges of operating conditions. The effects of 
cell temperature for 1 to 20% nitrogen dilution and CO poisoning conditions were investigated 
over the range 160 to 200℃. Nitrogen dilution did not have an obvious effect on the behavior of 
fuel cell, as the N2 dilution curve almost overlaps the baseline (100% H2) for all concentrations 
investigated. The operation temperature can be considered a critical factor affecting the CO 
poisoning effect to the membrane.  At 160 ℃, the 20% CO curve cannot reach 0.2 A/cm2 before 
the voltage decreased to the safety band (0.2V), while at the 200℃ condition, the 20% CO curve 
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reached the safety limit at nearly 0.6A/cm2. The carbon monoxide poisoning effect was strongly 
apparent, with increasing CO concentration greatly reducing the fuel cell voltage feedback. 
However, the voltage losses could be overcome to some degree through increasing the operating 
temperature. Even at the 20% CO condition, the fuel cell was still able to achieve acceptable 
performance for the target UAS application, and thus set a baseline for the latter durability tests 
based on simulated propane cPOx reformate (23% CO) as the anode fuel supply gas at the 200℃ 
condition. 
 
 
3.2 Effects of startup and shutdown procedures 
 
Fuel cell voltage degradation rates can also be strongly affected by load cycling, startup 
and shutdown cycles, and fuel starvation [Scholta et al. (2009); De Bruijn et al. (2008)]. One of 
the main issues for implementing fuel cells in vehicles or other mobile applications is the 
degradation of different components due to repetitive start-up and shutdown sequences [Zakrisson 
(2011)]. A protective start-up and shutdown strategy is important to extend the lifetime of a fuel 
cell, and significant cell degradation will result from these processes unless proper protocols are 
developed to minimize potentially damaging conditions, such as hydrogen starvation on the anode 
side. As the research focus of this research is on durability at 200°C cell temperature (because of 
the enhanced CO poisoning tolerance as described above), and there is very little published data 
on voltage loss associated with startup/shut down (SUSD) for HT-PEM fuel cells,  the degradation 
rate related to multiple startup/shutdown cycles was investigated in this experimental campaign. 
Based on the previous work of Waller et al. (2016), to simplify the experiment and acquire 
degradation rate data that isolated the effect of the number of SUSD cycles, a procedure using pure 
H2 and air gas supplies was applied in this section. 
46 
 
 
 
3.2.1 Experimental materials and method 
The startup/shutdown experiment were performed using the same modified Hydrogenics 
fuel cell test stand currently installed at the Golisano Institute for Sustainability in the Fuel Cell 
Test Bed (Figure 3.2). The experiment used polybenzimidiazole (PBI)-based MEAs purchased 
from Advent Technologies with 45.2 cm2 active areas. The test cell was supplied by Fuel Cell 
Technologies (Figure 3.1) and hydrogen and nitrogen were purchased from Airgas. The cell and 
gas supply piping needed to be kept at constant temperatures (200 and 110°C, respectively) and 
the gases have to be hot and dry. The temperature control is important for cell performance and 
the inlet pipe heating is essential to prevent the formation of water droplets. 
 
Initial Startup procedure 
1. Open nitrogen gas lines and set fuel cell temperature to 120°C. 
2. Once the cell reaches a stable 120°C condition, supply H2 and air at stoichiometric ratios 
of 1.5/2.0 and set the current density to 0.2 A/cm2. 
3. Increase the cell temperature to 200°C. 
4. Once the cell reaches its stable operating temperature (200°C), acquire a baseline 
polarization curve from 0 to 1.5 A/cm2. 
5. After acquiring the full baseline polarization curve, set a constant working load of 0.6 
A/cm2 and maintain this condition for 1 hour. 
Repeated Shutdown procedure 
6. After 1-hour duration at constant load of 0.6 A/cm2, turn off the load. 
7. Turn off anode and cathode gas flows by setting working load as 0 A/cm2. 
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8. Set cell temperature to 25°C. 
9. Purge anode and cathode with nitrogen for 5 minutes. 
10. Close the ball valves for the anode and cathode inlets and turn on the external N2 purging 
pipe (Figure 3.15).  
 
Figure 3.15. External N2 purging pipe and ball valve  
11. Wait until the cell reaches 25°C then process the startup strategy again (below). 
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Repeated Startup procedure 
1. Increase the cell temperature to 200oC while continuing N2 purge. 
2. Turn on H2 and air flows to desired stoichiometric ratios (1.5 for anode and 2 for 
cathode). 
3. Wait for open circuit voltage (OCV) to rise and stabilize, indicating the cell is ready to 
start (around 1.0V). 
4. Set current density to desired test point (0.6 A/cm2) and run at steady for 1 hour. 
     Repeat shutdown and startup procedures for a total of 100 cycles. 
 
 
 
3.2.2 Results and discussion 
To quantify the condition of the cell as it proceeded through the startup/shutdown cycles, 
polarization curves were taken after 50, 80 and 100 cycles and compared to the baseline (0 cycle) 
curve (Figure 3.16). The baseline is on top of the other three polarization curves, which indicates 
that fuel cell performance will decline after a certain amount of startup/shutdown cycles. However, 
it was observed that the polarization curve after 80 cycles was almost overlapping the one after 
100 cycles. Comparing to the difference between 0 and 50 cycles, 50 and 80 cycles, the 
overlapping behavior indicated that the fuel cell performance degradation between 80 and 100 
cycles are small and the degradation rate is smaller later in the test than in the early stage. The 
calculation of the degradation rate over different numbers of cycles was computed via Equation 1. 
Ncycle is the number of startup/shutdown cycles the membrane experienced and DR# is the average 
degradation rate after Ncycle. To compute the incremental degradation rate, “Voriginal” in Equation 1 
was the final voltage at either 0.6 or 1.5 A/cm2 (Tables 3.2 and 3.3, respectively) at the end of the 
prior number of cycles. Alternatively, to compute the total degradation rate, Voriginal was always 
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taken as the voltage associated with the baseline polarization curve. The results show that both the 
incremental and total degradation rates per cycle decreased as the total number of cycles increased, 
at 0.6 A/cm2. However, at 1.5 A/cm2 where mass transport losses play a bigger role in fuel cell 
performance, there was not a consistent trend in voltage loss per cycle. The post-100 cycle total 
degradation rate of 880 μV/cycle is larger than that observed at 0.6 A/cm2. This is expected due to 
the combined impacts of mass transport losses with the effects of phosphoric acid loss in the mid-
current density range of the polarization curves where ohmic losses dominate. 
𝐷𝑅# =
𝑉original−𝑉#𝑐𝑦𝑐𝑙𝑒𝑠
𝑁𝑐𝑦𝑐𝑙𝑒𝑠
      (Equation 1) 
 
 
 
 
Figure 3.16. Polarization curves after 50, 80 and 100 startup/shutdown cycles. 
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Condition Voltage 
(mV) 
Incremental ΔV 
(mV) 
Incremental DR 
(µV/cycle) 
Total ΔV 
(mV) 
Total DR 
(µV/cycle) 
Baseline 636     
Post-50 cycles 589 47 940 47 940 
Post-80 cycles 575 14 467 61 763 
Post-100 cycles 573 2 100 63 630 
Table 3.2. Degradation rate calculations at 0.6 A/cm2 for startup/shutdown cycling test 
 
 
Condition Voltage 
(mV) 
Incremental ΔV 
(mV) 
Incremental DR 
(µV/cycle) 
Total ΔV 
(mV) 
Total DR 
(µV/cycle) 
Baseline 447     
Post-50 cycles 406 41 820 41 820 
Post-80 cycles 361 45 1500 86 1075 
Post-100 cycles 359 2 100 88 880 
Table 3.3. Degradation rate calculations at 1.5 A/cm2 for startup/shutdown cycling test 
 
 
 
After 80 startup/shutdown cycles, the voltage feedback of the working cell was 575 mV at 
0.6 A/cm2. The voltage reduction rate during 50 to 80 cycles was 467 µV/cycle, which was much 
smaller than the data acquired during the first 50 cycles (940 µV/ cycle). As each startup/shutdown 
process was following the same operation pattern, it was expected that the average degradation 
rates would be fairly consistent, no matter how many cycles the membrane experienced. However, 
Table 3.2 shows that the average degradation rate decreased dramatically with the increasing of 
number of cycles. This behavior can be explained as the phosphoric acid loss is the dominate factor 
that affects the degradation during the startup/shutdown test. The degradation rate is large in the 
initial situation and fading with multiple cycles. With more cycles were experienced, the loss of 
phosphoric acid increased, which eventually leads to the reduction of evaporation rate. In Figure 
3.16, it is seen that the post-80 cycle polarization curve was well below the original baseline and 
post-50 cycle curves. This also indicates that phosphoric acid is lost during the test and the lost 
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amount after 80 cycles is larger than after 50 cycles. When the startup/shutdown protocol reached 
100 cycles, the voltage feedback of the cell was 573 mV at 0.6 A/cm2. The voltage reduction rate 
over 80-100 cycles was 100 µV/cycle, much smaller than the data acquired over 0-50 cycles (940 
µV/ cycle) and 50-80 cycles (467 µV/ cycle). This supports the hypothesis that the evaporation 
rate decreases with the increase of phosphoric acid loss.  
To compute the incremental degradation rate, “Voriginal” in Equation 1 was the final voltage at 
either 0.6 or 1.5 A/cm2 (Tables 3.2 and 3.3, respectively) at the end of the prior number of 
cycles. Alternatively, to compute the total degradation rate, Voriginal was always taken as the 
voltage associated with the baseline polarization curve. The results show that both the 
incremental and total degradation rates per cycle decreased as the total number of cycles 
increased, at 0.6 A/cm2. However, at 1.5 A/cm2 where mass transport losses play a bigger role in 
fuel cell performance, there was not a consistent trend in voltage loss per cycle. The post-100 
cycle total degradation rate of 880 μV/cycle is larger than that observed at 0.6 A/cm2. This is 
expected due to the combined impacts of mass transport losses with the effects of phosphoric 
acid loss in the mid-current density range of the polarization curves where ohmic losses 
dominate. 
 
3.2.3 Conclusions and implications 
In this section, 100 startup/shutdown cycles were applied to a single HT-PEM cell prepared 
using a PBI-based MEA. It was expected at the outset that the startup/shutdown process would be 
a significant factor causing fuel cell degradation behavior, and the average degradation rate would 
be consistent as each cycle was following the same protocol. However, the result showed that the 
degradation rate followed a reducing pattern, which was hypothesized to follow the pattern of 
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phosphoric acid loss. One hypothesis to explain this phenomenon is that during the 
startup/shutdown process, the phosphoric acid vaporization would cause the degradation of the 
fuel cell performance. Another hypothesis is the SUSD strategies would damage the porous 
surroundings of the platinum particles, which may narrow or even block the gas pathways. The 
cycling could affect the transportation of produced water. The instantaneous load that was applied 
on the cell could cause transient impact to the membrane, which will also contribute to the 
degradation of SUSD strategies. There can also be an agglomeration, diffusion and/or coarsening 
of the platinum catalyst particles during the strategies, which causes mass transport losses because 
of a reduced active platinum surface area [Zakrisson (2011)]. Well-designed fuel cell system 
operation protocols and controls will be required in the future to isolate the degradation caused by 
startup/shutdown processes. However, it is also important to understand the “steady-state” voltage 
degradation behavior over long-term operation of the HT-PEM cell at constant load, as described 
in Section 3.3. 
 
3.3 Long-term durability tests on simulated propane reformate 
 
Durability issues of a PEMFC include dissolution and sintering of catalyst nanoparticles, 
corrosion of catalyst supports, and membrane thinning. The lifetime is significantly influenced by 
the applied operating parameters, e.g., temperature, pressure, level of fuel impurities, cell 
voltage/load magnitude, and the cycling of these parameters [Waller et al. (2015)]. 
The process of producing high quality hydrogen for PEM fuel cell involves complex 
reaction steps. The main contaminate that affects fuel cell performance and durability is carbon 
monoxide (CO). Gas-diffusion electrodes in low-temperature PEMFCs with a loading of 0.1-0.2 
mg/cm2 of dispersed platinum on carbon show very small polarization losses when operating on 
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pure H2 , but the losses are elevated to unacceptable values when even small amounts of CO are 
present [Camara et al. (2002)]. High temperature PEM fuel cells (HT-PEMFC) offer numerous 
advantages over conventional PEM fuel cells, including fuel flexibility and reduction in balance-
of-plant (BoP) equipment required at the system level [Waller et al. (2016a)]. For example, low 
temperature PEMFCs can tolerate only up to about 10 ppm of carbon monoxide (CO), whereas it 
has been reported in the literature that HT-PEMFC’s can tolerate at least up to 50,000 ppm (5%) 
[Korsgaard et al. (2006)]. The high CO tolerance of HT-PEMFC is attractive for many mobile 
power applications, as the requirement of low purity hydrogen will reduce weight, cost and 
complexity of an on-board fuel reforming system. As the UAS application is one of the main 
research targets, the high CO tolerance and weight and complexity reduction makes the HT-
PEMFC an attractive propulsion technology. 
Prior studies of HT-PEMFC durability have generally focused on the temperature range of 
125-200°C. In Li et al. (2003), the HT-PEMFC was operated with 3% CO in hydrogen at current 
densities up to 0.8 A/cm2 at 200°C and 0.1% CO at current densities lower than 0.3 A/cm2 at 125°C. 
Korsgaard et al. (2006) performed a test set with 0.1% - 10% CO concentration at 160-200°C. In 
the current research, the HT-PEM fuel cell was provided with simulated reformate comprised of 
49% nitrogen, 28% hydrogen and 23% carbon monoxide (nearly matching the equilibrium reaction 
product composition of catalytic partial oxidation, cPOx), which had not been reported previously 
in the literature. 
It is known that the mechanical stability of the membrane will degrade as the operating 
temperature increases [He et al. (2006), Xie et al. (2005), Yasuda et al. (2006)]. It is expected that 
the rate of phosphoric acid loss will also increase with temperature, which will lead to direct 
performance and cell lifetime reduction. Increasing the operating pressure would be expected to 
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provide benefit in resisting the evaporating process. However, there is less information available 
in the literature about fuel cell performance change by controlling operating pressure. The pressure 
factor was considered in the current study to understand its interaction with cell behavior, and 
quantify the potential benefit of operating at higher system pressure to minimize water evaporation 
and the attendant voltage degradation impacts. 
 
3.3.1 Experiment materials and method 
All experiments were performed using a modified Hydrogenics fuel cell test stand, as 
described above. The PBI-based MEAs were again purchased from Advent Technologies with 
45.2 cm2 active areas, using the same materials and assembly processes as developed by BASF for 
the P1100W HT-MEA, and are known to have the highest phosphoric acid content of any of 
commercially available high temperature membranes (Figure 3.17). The total (i.e., anode + cathode) 
precious metal loading was 1.7 mg/cm2 and the proton conductivity value provided by the 
manufacturer was 10 × 10-2 S/cm. The actual proportion of precious metal loading on the 
anode/cathode was not provided by the manufacturer, and thus the exact catalyst composition is 
not clearly known. 
Fuel cell back pressure was controlled by diaphragm regulators integral to the Hydrogenics 
test stand (Figure 3.18). Gases (N2, H2, CO2 and air) were metered using Brooks mass flow 
controllers calibrated to control the desired gas flow rates. The operation software used was a 
LabVIEW control and data acquisition system, which automatically measured polarization curves, 
monitored and controlled cell temperature, pressure and gas flows. There was another isolated gas 
supply system installed for CO and N2 using Alicat gas mass flow meters, controlled by Alicat’s 
Flow Vision software. The temperatures at inlet and outlet ports were maintained above 120℃ to 
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prevent water condensation within the cell. The water remained in gas phase within the cell, and 
was condensed in exit cooling coils and removed through the test stand exhaust. 
 
 
Figure 3.17. PBI membrane used for constant-load durability tests. 
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Figure 3.18. Fuel cell test stand and interior components. 
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3.3.2 Durability test results (Stage 1) 
Based on earlier research conducted by Waller et al. (2015), the main considered 
components of the reformed gas supplied to the anode were nitrogen, hydrogen and carbon 
monoxide in the ratio of 49:28:23. The test matrix is provided below in Table 3.4, along with the 
total experiment durations and computed voltage degradation rates (DR).  
Table 3.4. Test matrix for Stage 1 durability experiments (DR = degradation rate) 
 
Usually a break-in process is required for the PBI-based membrane electrode assembly 
before starting each new test. There were two methods of fuel cell break-in procedure considered 
in the Stage 1 durability experiments. According to the manufacturer’s specifications, one break-
in process involved pure hydrogen gas supply at 0.2 A/cm2 and temperature of 160℃ for 24 hours 
duration. After break-in, a polarization curve was run from 0 - 1.5 A/cm2 to record the cell 
condition. An alternative break-in procedure, referred to as the “cross-MEA pressure differential 
(ΔP) procedure”, was developed in our laboratory as early exploratory experiments indicated that 
varying relative anode and cathode pressures at the beginning-of-life had the effect of increasing 
the starting voltage for subsequent durability experiments. When applied, it was performed 
immediately following the manufacturer-recommended 24 hour break-in process. The cross-MEA 
Test 
Pressure 
(kPa) 
Temperature 
(℃) 
Cross-MEA 
ΔP break-in 
Current density 
(A/cm2) 
Duration 
(hours) 
DR 
(µV/h) 
MEA#1 100 200 no 0.4 54.4 567 
MEA#2 200 200 yes 0.4 200 166 
MEA#3 125 200 yes 0.4 140 418 
MEA#4 200 200 no 0.4 194 1190 
MEA#5 150 200 yes 0.4 279 240 
MEA#6 200 200 yes 0.6 287 515 
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pressure differential procedure involved running the polarization curve procedure with different 
pressures on anode and cathode at 160 ℃. The cell was maintained at each condition for one hour, 
consistent with the one-hour duration of polarization curve data acquisition. The various 
anode/cathode pressure conditions are shown in Table 3.5. After either the “standard” or cross-
MEA ΔP break-in procedure, the cell was then shifted to the constant load durability conditions 
listed in Table 3.4.  
To help comprehend the sources and mechanisms associated with cell voltage loss at 
constant load, some of the results below include presentation of “iR-corrected” voltage (Virc), 
whereby the measured cell voltage is modified by addition of the voltage associated with ohmic 
losses, computed by multiplying the current density by the measured high-frequency resistance:  
 
Virc = VFB + (I × Ri)    (Equation 2) 
 
where VFB is the feedback voltage measured by the test stand, I is current density (A/cm
2) and Ri 
is high-frequency resistance (ohm cm2). Comparing data based on Virc enables one to determine 
if the observed voltage changes are attributable more to ohmic or mass transport effects. 
Anode Cathode 
100 125 
100 150 
100 175 
100 200 
125 100 
150 100 
175 100 
200 100 
Table 3.5.  Cross-MEA pressure differential (ΔP) break-in conditions 
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MEA#1: 
The operation conditions were 200℃, 100 kPa and current density of 0.4 A/cm2. The figure 
4.3.3 is the simulation of the fuel cell behavior. The voltage initialed at 0.37V and reduced 
gradually as the operation time increase. The test was interrupted due to an accidental laboratory 
power shut-down, but the curve shows a clear downward trend.  
 
 
Figure 3.19. Durability test behavior results for 200 ℃, 100kPa and 0.4 A/cm2, without cross-
MEA ΔP break-in procedure 
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MEA#2: 
The operation conditions were 200 ℃, 200kPa and 0.4 A/cm2 for this test. This membrane 
experienced the cross-MEA pressure differential (ΔP) procedure, which was the only difference 
compared to the MEA#1 experiment. 
 
Figure 3.20. Polarization curves of cross-MEA pressure differential tests 
As shown in Figure 3.20, whether anode pressure is higher than cathode or the relative 
pressures are reversed, the polarization curves of each conditions are almost overlapping 
throughout, and indicated that the ΔP procedure would not affect the fuel cell performance. 
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However, as illustrated in Figure 3.21, a significant voltage increase at the beginning of the 
durability test sequence was observed for the cell using the cross-MEA ΔP break-in procedure. 
The initial voltage was 0.497 V and increased to 0.595 V within 24 hours. Thereafter, the voltage 
degraded gradually after the curve reached its maximum voltage. Comparing to the first test 
described above with MEA#1 (Figure 3.19), there was no initial voltage increase at the beginning 
of the durability test sequence. A possible hypothesis can be proposed: the ΔP delta pressure break-
in procedure caused certain changes to the MEA that resulted in the initial voltage rise.  
 
Figure 3.21. Durability test behavior of 200℃, 200 kPa and 0.4 A/cm2, with cross-MEA ΔP 
break-in procedure 
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MEA#3, MEA#5: 
To determine whether the pressure was a critical factor that affects fuel cell behavior, these 
two tests were run under the same break-in procedure, temperature and current load (cross-MEA 
ΔP break-in, 200 ℃, 0.4 A/cm2) with different pressure conditions (125 and 150 kPa, respectively, 
for MEA#3 and MEA#5); Figures 3.22 and 3.23.  
 
 
Figure 3.22. Durability test behavior of MEA#3 (200 ℃, 125kPa and 0.4 A/cm2) 
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Figure 3.23. Durability test behavior of MEA#5 (200℃, 150 kPa and 0.4 A/cm2) 
 
To keep all factors constant except operating pressure, both MEAs #3 and #5 experienced 
the same ΔP break-in procedure. In the first 24 hours, MEA#5 displayed an obvious voltage 
increase, while a “W” shape behavior was observed in MEA#3. The fundamental causes of the 
behavior at the beginning of MEA#3 is not understood, but it can be considered as a direct voltage 
rise (similar to MEA#5) if considering the first three points as noise. The results presented in these 
two durability curves provide further evidence that the ΔP break-in procedure resulted in the initial 
voltage rise. 
 
3.3.3 Durability test results (Stage 2) 
During Stage 1 tests, it was observed that the test stand would step into an unstable 
condition after about 7 days of continuous operation. After undertaking a comprehensive diagnosis 
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process, it is determined that the inlet gas saturators as illustrated in Figure 3.24 were the root 
cause of this issue. As shown in the test stand digital diagram (Appendix section A2.1), the 
saturators are in the middle of the gas supply pipe and are usually applied to provide gas humidity 
control during low temperature PEMFC experiments (nominal operating temperature of 80oC). It 
is required to keep a certain level of water inside the saturators and the supplied gas will flow 
through the pipe inside the saturator and bubble through water maintained at a certain temperature 
set point to supply gases to the test cell at a desired relative humidity. If external humidification is 
not required (as is usually the case with HT-PEMFC experiments), the gas does not bubble upward 
through the water, but rather sweeps across the top water surface within the saturator before being 
delivered to the test cell. In Stage 1 tests, the saturators were connected to the gas supply lines, and 
the test stand’s system warning after a one-week test was determined to be related to the water 
level inside the saturator. It is important to emphasize that inlet humidification was not intended 
in the Stage 1 experiments, and the test stand was set to saturator “bypass” mode for both the anode 
and cathode gas lines. However, it was determined after the Stage 1 experiments that even in 
“bypass” mode (in which gas sweeps above the water surface within the saturator but are not 
bubbled through) some minimal degree of water entrainment still occurred, resulting in a low-level 
water E-stop after about seven days of durability testing. Therefore, in the Stage 2 experiments, to 
avoid this unstable condition and completely eliminate any possibility of inlet gas humidification, 
the saturators were physically disconnected from both the anode and cathode gas supply lines. The 
results of Stage 2 tests described below indicates that this modification eliminated the test stand 
instability issue, as all durability tests were able to achieve durations of two weeks or more. 
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Figure 3.24. Saturators in the test stand (in red circles) 
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The plan for Stage 2 was to repeat the durability test set for an extended duration of more 
than 200 hours using simulated reformate of H2 = 28%, CO = 23%, N2 = 49%. The fuel cell again 
used PBI-based MEAs provided by ElectroChem Inc. (EC-PBI HTPEM MEA #APM-45). The 
operation temperature was fixed at 200oC, aimed at reducing the CO poisoning effect. There were 
two factors involved in this test sequence: pressure (P) and cross-MEA ΔP break-in procedure. 
The pressure was controlled at either 125 or 200 kPa. With the aim of repeating the “initial voltage 
spike” condition, which occurred in the Stage 1 200 kPa test, the ΔP break-in process as applied 
only to the 200 kPa condition. To establish greater confidence in the data and confirm the 
repeatability, each test set was comprised of three distinct experiments. The Stage 2 durability test 
matrix is described in Table 3.6. 
 
Temperature 
(℃) 
Current Density 
(A/cm2) 
Pressure 
(kPa) 
ΔP Break-In 
200 0.4 200 No 
200 0.4 200 Yes 
200 0.4 125 No 
200 0.4 200 No 
200 0.4 200 Yes 
200 0.4 125 No 
200 0.4 200 No 
200 0.4 200 Yes 
200 0.4 125 No 
 
Table 3.6. Test matrix for the Stage 2 durability tests 
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Effect of cross-MEA ΔP break-in 
Figure 3.25 indicates that after the cross-MEA ΔP break-in process, the performance of the 
cell increased dramatically, with ~100 mV higher beginning-of-life (BOL) voltage and a 
significantly lower voltage degradation rate (166 µV/h and 1190 µV/h, with and without the ΔP 
break-in, respectively). For example, after 190 to 200 hours of constant load operation, the MEA 
run without the ΔP break-in procedure had about 350 mV lower cell voltage. 
 
 
Figure 3.25. Durability behavior at 200℃, 200kPa and 0.4 A/cm2 with/without ΔP procedure 
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Initial comparison of four durability tests condition 
          In Figure 3.26, only the blue curve is the test without the ΔP break-in procedure and the 
other curves are with ΔP procedure. The three curves show that after cross-MEA pressure 
differential test, the durability test had a low initial voltage and increased to a higher level within 
24 hours, then behaved as a stable downward trending curve. This behavior confirmed that the ΔP 
procedure lead to an initial voltage rise. One hypothesis for the observed behavior is that the ΔP 
procedure enhanced the distribution of phosphoric acid in the PBI membrane, which resulted in 
better proton conductivity that increased the performance of the fuel cell. However, the actual 
mechanism of this initial rise (i.e., magnitude of the voltage peak, non-linear “W” behavior at 125 
kPa, etc.) remains an open issue and will require further research beyond the current study.  
 
Figure 3.26. Durability behavior at 200℃, 125/150/200kPa, 0.4 A/cm2, with/without ΔP 
procedure test 
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As the nature of the initial voltage rise was not well understood based on the available data, 
in Figure 3.27 the first ~24 hours of data were omitted to develop a clearer picture of the voltage 
degradation behavior after the cells reached their maximum performance. The 200 kPa curve 
ranged between 0.55 and 0.61 mV, while the 125 kPa ranged between 0.44 and 0.55 mV, and the 
150 kPa curve is between two curves. As the pressure increased, the fuel cell voltage output 
increased, which clearly indicates that pressure is a critical factor in controlling HT-PEM behavior. 
It is reasonable to expect improved PEM fuel cell performance by increasing operating pressure. 
As mentioned by Zhang et al. (2013), the operating pressure can influence the fuel cell 
performance by affecting the fuel cell open circuit voltage, the partial pressures of the reactant 
gases, hydrogen crossover, exchange current densities, and mass transfer in the electrode reactions.  
 
 
Figure 3.27. Durability behavior at 200℃, 125/150/200kPa, 0.4 A/cm2, with/without ΔP 
procedure test (omitting first 24 hours of data) 
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Detailed comparative analysis: effect of ΔP break-in and experimental repeatability 
As described above, the test stand set up was modified in Stage 2, such that unlike Stage 1, 
the saturators were physically isolated and there was no possibility of water entering the cell during 
the break-in and ΔP procedures. In this part of the experimental campaign, more detailed analysis 
was conducted to understand the effect of the cross-MEA ΔP break-in procedure and repeatability 
of results among experiments conducted at nominally equivalent conditions. In Table 3.7, the 
results from these seven Stage 2 (D2) experiments are summarized, followed by associated figures 
and discussion. 
Test 
ID 
 
 
Pressure 
 
 
(kPa) 
Cross-
MEA ΔP 
break-in 
 
Peak 
voltage  
 
(V) 
Time of 
peak  
 
(hr) 
Test 
duration  
 
(hr) 
Starting 
voltage @ 
1.1 A/cm2 
(V) 
Ending 
voltage @ 
1.1 A/cm2 
(V) 
D2_1 200 No 0.624 50.3 267.4 0.519  
D2_2 200 Yes 0.615 40.2 345.0 0.505 0.224 
D2_3 125 No 0.600 56.6 297.5 0.532 0.465 
D2_4 200 Yes 0.627 50.8 321.7 0.512 0.361 
D2_5 200 No 0.593 51.6 234.3 0.538  
D2_6 200 No 0.633 21.6 353.0 0.522 0.384 
D2_7 125 No 0.586 63.3 295.6 0.509 0.487 
Table 3.7. Comparative analysis of Stage 2 durability experiments (all at 200oC, 0.4 A/cm2) 
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 Repeatability assessment at 200℃, 200 kPa, with ΔP break-in (D2_2 and D2_4) 
As illustrated in Figure 3.28, both experiments showed an obvious initial voltage increase 
at beginning-of-life (BOL). The large initial voltage increase occurred over the first 700 minutes, 
and thereafter there was a relatively smaller increasing rate until the cells reached their highest 
voltage outputs (40.2 hours for D2_2, 50.8 hours for D2_4). Both began degrading after the 
maximum voltage with a small degradation rate that appeared to keep increasing over time. 
Beyond 6000 minutes (100 hours) duration, both fuel cells began to experience even larger 
degradation rates, but the general trends were quite similar. To confirm the fuel cell behavior 
pattern and account for small variations in absolute voltage level that may result from the MEA 
manufacturing process, a normalization of data was applied. The normalization process was based 
on V/Vmax, which involved first finding the maximum voltage during each test and using this 
value to divide all the voltage feedback values.  As shown in the lower part of Figure 3.28, the two 
normalized curves nearly overlap at least out to 14,000 minutes (233 hours), which confirmed both 
durability tests maintained similar voltage degradation behavior. However, in the latter part of the 
curves, the two tests have different behavior. Experiment D2_4 appears to have had a higher 
voltage degradation rate, with ending voltage of 0.224 V at 1.1 A/cm2 compared to 0.361 V for 
D2_4 at nearly the same total test duration time. There is no obvious process difference during 
operation between these two experiments, and this variation remains to be explored in future work. 
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Figure 3.28. Polarization curves comparison of same conditions (200℃, 200kPa, with ΔP).  
(a) raw voltage degradation curves; (b) normalized curves. 
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Comparison among three different conditions (200 kPa with/without ΔP, 125 kPa with ΔP)  
The computed degradation rates were 300 µv/h for D2_1 (200kPa without ΔP), 480 µV/h 
for D2_2 (200kPa with ΔP), and 240 µV/h for D2_3 (125kPa without ΔP). The results in Figure 
3.29 show that D2_3 had the lowest initial voltage compared to D2_1 and D2_3, consistent with 
earlier results clearly indicating that higher system pressure resulted in higher BOL voltage. 
However, it was unexpected that the degradation rate under this lower pressure condition would 
be the lowest, especially because this experiment was conducted without the ΔP break-in 
procedure. As seen in the normalized plot in the lower part of Figure 3.29, the three curves appear 
to cross around 11,000 minutes. The initial voltage increase that previously was observed to be 
caused by ΔP pre-treatment did not occur in the case of the D2_3 experiment. 
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Figure 3.29. Comparison of three different conditions to illustrate effects of operating pressure 
and ΔP break-in (200kPa with/without ΔP, 125kPa without ΔP). 
 (a) raw voltage degradation curves; (b) normalized curves. 
  
      
 
75 
 
Assessment of ΔP break-in effect at 200℃, 200kPa 
The D2_2 and D2_4 tests were conducted at 200℃, 200kPa with ΔP procedure, while 
D2_5 is the same condition but without ΔP break-in procedure. It is obvious from the comparison 
in Figure 3.30 among D2_2 (yellow), D2_4 (blue) and D2_5 (orange) matches the original 
hypothesis that the fuel cell behavior will increase after ΔP pre-treatment. Comparison between 
D2_2 (yellow) and D2_5 (orange) shows that before 14,000 minutes, the behavior matches the 
origin hypothesis: the fuel cell voltage will increase after ΔP pre-treatment. The two curved 
crossed around 14000 min indicating that the latter behavior of D2_2 (with ΔP) may be worse than 
D2_5 (without ΔP). 
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Figure 3.30. Comparison of three conditions with/without ΔP break-in at 200℃, 200 kPa 
(a) raw voltage degradation curves; (b) normalized curves. 
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Repeatability assessment at 200℃, 200 kPa, without ΔP break-in (D2_1, D2_5 and D2_6) 
These three tests were conducted at the same nominal operating conditions: 200℃, 200kPa 
with no ΔP break-in process.  The results in Figure 3.31 indicate that all show a similar behavior 
pattern: after an initial voltage increase (duration ~700 minutes), the voltage undergoes a relative 
smaller increasing rate until it reaches the highest voltage. The total degradation rate computed 
from the three results are also similar: about 300 µV/h for D2_1, and about 240 µV/h for D2_5 
and D2_6. After normalization, the three tests showed the same degradation pattern. 
Simultaneously, the differences are also obvious:  
• The starting voltages are different. D2_1 and D2_6 were almost the same (0.511 
and 0.514 V, respectively) while for D2_5 starting voltage was 0.353 V.  
• D2_6 reached the highest voltage value at around 1295 minutes while D2_1 and 
D2_5 reached Vmax around 3000 minutes. 
• Experiment D2_6 experienced a degradation rate decrease after around 9000 
minutes. 
• The three tests have different peak voltage, which lead to the behavior that similar 
behavior pattern but different absolute value. 
As the three conditions showed generally similar patterns of voltage degradation, an overall 
average degradation rate can be determined by averaging the voltage feedback of three curves at 
200℃, 200kPa, and no ΔP break-in condition. Figure 3.32 shows the result of averaging the time-
dependent voltage data that results in an overall average degradation rate of 240 µV/h (4×10-6 × 
60 min= 240 µv/h) for the HT-PEM cell operated at 200oC and 200 kPa.  
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Figure 3.31. Polarization curves comparison of same conditions (200℃, 200kPa, with ΔP).  
(a) raw voltage degradation curves; (b) voltage degradation post-Vmax; (c) normalized curves. 
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Figure 3.32. (a) average degradation curve of D2_1, D2_5 and D2_6; (b) average curve of first 
14,000 minutes; (c) average curve of first 14,000 minutes from the maximum voltage. 
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This section presented durability performance data for BASF’s Celtec APM-45 HT-PEM 
PBI MEA under a large array of testing conditions. All the tests were supplied with simulated 
propane reformate comprised of nitrogen, hydrogen and carbon monoxide in the molar ratio 
49:28:23.  
The Stage 1 tests confirmed that pressure is a critical factor in controlling fuel cell 
performance, and can in principle be used as an important operational “knob” that’s available to 
counteract voltage degradation at the higher temperatures required to improve tolerance to high 
CO concentration. It is reasonable to expect improved PEM fuel cell performance by increasing 
operating pressure, as it can affect the fuel cell open circuit voltage, the partial pressures of the 
reactant gases, hydrogen crossover, exchange current densities, and mass transfer in the electrode 
reactions.  
The tests conducted with cross-MEA pressure differential procedure results in an obvious 
initial voltage increase. With the ΔP procedure, the durability behavior was influenced by a long-
time voltage rise at beginning-of-life, which increased the fuel cell voltage output and enhanced 
the duration compared to the tests conducted without the ΔP break-in prior to initiating the 
durability test. The experimental campaign described in this thesis revealed these important 
performance changes but could not collect enough information to explain the physical mechanism 
of the voltage increase. There are several hypothesizes regarding this phenomenon:   
1. ΔP procedure enhanced the distribution of phosphoric acid in the HT-PEM membrane and 
electrodes. The ΔP process can possible provide extra force to spread the phosphoric acid, 
making it evenly distributed in the MEA. As the phosphoric acid is the critical material for 
the conductivity of fuel cell, the even distribution will enhance the fuel cell behavior. 
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2. ΔP procedure may generate micro-channels that allow CO transport through the membrane 
to reach the cathode side. As Søndergaard et al. (2017) found in their recent paper, a small 
amount of CO in the cathode will increase the cell voltage.  
3. ΔP procedure may change certain physical arrangement of the structure of the MEA (like 
forging iron), which may improve the behavior of the cell. 
4. As the saturators were physically connected to the cell during the Stage 1 experiments, the 
introduction of small amounts of water was possible. With the appearance of water, the 
water gas shift reaction (CO + 𝐻2𝑂 → 𝐶𝑂2 + 𝐻2) will increase the partial pressure of 
hydrogen, which will also increase fuel cell performance [Zhou et al. (2015)]. 
Considering the unmanned aerial system (UAS) application is one of the main research 
targets in this thesis, the results would be considered to provide strong support of this idea. All 
tests were operated with 23% CO, which proved that even under extremely high impurity, the HT-
PEMFC could still maintain reasonable performance for more than 200 hours with controlled 
temperature and pressure. As the feeding gas was the simulated propane reformate, it indicated 
that the fuel cell system equipped with a propane reformer is practicable for long-term power 
supply, but more research is required to understand and address the fundamental causes of voltage 
degradation. Simultaneously, with the advantage of low cost, light weight and low system 
complexity, a propane fueled HT-PEM fuel cell could potentially satisfy the requirements of long 
duration mobile application, which makes it a promising alternative for batteries in UAS 
applications. 
The Stage 2 durability experimental campaign confirmed that the fuel cell achieved better 
voltage feedback as the operation pressure increased and resulted in the average degradation rate 
of 240 µV/h at 200℃, 200kPa, with no ΔP break-in procedure condition. The degradation rate of 
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MEA#4 test at Stage 1 was the same operation condition, however, the degradation rate was 
determined to be 1190 µV/h. As the difference between the two durability experiment stages was 
the saturator connection, which would lead to differences in the humidity of the feeding gas, a 
hypothesis was conceived: the appearance of water in the feeding gas would accelerate the 
membrane degradation of HT-PEM fuel cells. In Stage 2 experiments the break-in process and 
pressure had much less effect on voltage degradation and absolute voltage level than was observed 
for Stage 1. The initial voltage increases observed after ΔP procedure in Stage 1 were not observed 
in Stage 2. Also, in Stage2, the degradation rate increased as the pressure decreased as shown in 
the second comparison (200kPa with/without ΔP, 125kPa without ΔP), which conflicts with the 
results from Stage 1 tests. A clue to explain these phenomena is the modification of the test stand 
in Stage 2 that physically isolated saturators from the feed gas piping, thus avoiding the “low water 
level” alarm and enabling test durations of 2 weeks or more without interruption. If water was 
involved in the supplied gas, the water gas shift reaction should be considered as an enhancing 
effect. The CO and H2O in the anode could be converted to H2 and CO2 (CO + 𝐻2𝑂 → 𝐶𝑂2 + 𝐻2). 
Water in the anode feed gas could lead to the increase of H2 concentration, which will result in 
higher fuel cell voltage output. This can explain the initial voltage increases after ΔP procedure 
observed in Stage 1 that were consistently stronger than observed in Stage 2. Water entrained in 
feeding gas could increase power output but also potentially impede durability of the fuel cell as 
increased the voltage degradation rate. In real applications, water could be a boost to fuel cell 
performance, while the tradeoff between durability and performance need to be considered. 
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4. Conclusions and Proposed Future Work 
This thesis has presented the results of an empirical study of a simulated system comprised 
of an HT-PEM fuel cell integrated with a propane catalytic partial oxidation (cPOx) reformer. The 
main outcomes and novel research contributions of this work are as follows: 
1. The anode dilution and CO poisoning indicated that nitrogen dilution did not have an 
obvious effect on the behavior of fuel cell, and the operation temperature can be 
considered a critical factor affecting the CO poisoning effect to the membrane. It also 
provided strong support for applying propane cPOx reformate, as the fuel cell still can 
achieve acceptable performance while exposed to high CO concentrations in the fuel. 
2. The degradation rate due to startup and shutdown strategies decreases with an increasing 
number of cycles. It is hypothesized that this observed effect follows the pattern of 
phosphoric acid loss. More research is required to isolate the degradation caused only by 
startup/shutdown process. 
3. The Stage 1 durability tests confirmed that pressure is a critical factor in controlling fuel 
cell performance. With cross-MEA pressure differential procedure (ΔP) break-in 
procedure, experimental results showed an obvious initial voltage increase, which 
enhanced the duration compared to the behavior of tests conducted without the ΔP 
procedure. The Stage 2 durability tests confirmed that the fuel cell will achieve better 
voltage feedback as the operation pressure increased, and determined an average HT-PEM 
degradation rate of 240 µV/h at 200℃, 200kPa, no ΔP break-in procedure applied. 
The outcomes of this work have contributed to fuel cell applications in mobile technologies. 
With reasonable performance and more than 200 hours duration, HT-PEM fuel cell system with 
propane cPOx reformer satisfies most requirements of the UAS application. Simultaneously, this 
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research has provided critical data on voltage loss behavior as a function of various operating 
parameters, which will offer guidance to engineers in system design and performance monitoring 
for real-world applications. 
It is recommended that future research focus on developing better fundamental 
understanding of the results of durability tests presented in this thesis: 
1. The mechanism of initial voltage increases after ΔP break-in procedure needs to be 
understood at a fundamental level. The durability tests presented here cannot provide 
enough information to fully explain the cause of the voltage increase. A pre- and post-
analysis of the MEA should be performed. An x-ray diffraction (XRD) and scanning 
electron microscopy (SEM) scan on pre- and post-mortem conditions will clearly express 
the material differences after durability test. Especially the SEM scan of the condition 
immediately following the ΔP procedure would be an important piece of information. It 
will confirm or counter the hypothesis that the ΔP break-in process changes the MEA 
physical arrangement or generates micro-channels that allow CO transport through the 
membrane to the cathode side.  
2. Detailed phosphoric acid distribution and loss measurements are recommended. The 
MEAs applied in this research were from Advent Technologies, and did not provide data 
on the initial level of phosphoric acid doping. To quantify the phosphoric acid loss, the 
phosphoric acid content should be measured right after a new membrane package is opened. 
The phosphoric acid loss cannot be calculated accurately as the acid will dissolve into the 
exhaust water and go out through the gas exhaust. Currently, there is no adaptive method 
to collect the acid in both exhausts.    
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3. As the durability results show that PBI MEA can be operated under up to 23% CO with 
reasonable voltage output, the next step of the work will be generating a prototype fuel cell 
system. The target will be related to the objective of delivering a 250-500 W fuel cell power 
plant weighing no more than 2.4 kg with a minimum of a 200 hours lifetime for UAS 
applications. This system needs to be quiet and offer long flight duration, unlike battery 
and internal combustion engine systems that suffer from either low energy density or loud 
noise. Simultaneously, this fuel cell system will only require propane as fuel, which is 
commonly acceptable and easily accessible, unlike other fuel cell systems requiring high 
purity hydrogen.  
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Appendix 1 –Experimental Polarization Curve Data 
(Note: For all experiments, anode and cathode stoichiometric ratios were 1.5 and 2, respectively) 
 
A1.1 N2 and CO dilution tests 
 
        Anode Gas %       
Anode 
Stoic 
Cathode 
Stoic 
Temperature 
(℃) 
Pressure 
(kPa) H2 N2 CO2 CO H2O 
Current 
Density 
(A2/cm2) 
Voltage 
(V) 
Power 
(W/cm2) 
1.5 2 160 101.3 100 0 0 0 0 0 1.000 0.000 
1.5 2 160 101.3 100 0 0 0 0 0.05 0.763 0.038 
1.5 2 160 101.3 100 0 0 0 0 0.1 0.731 0.073 
1.5 2 160 101.3 100 0 0 0 0 0.2 0.686 0.137 
1.5 2 160 101.3 100 0 0 0 0 0.3 0.659 0.198 
1.5 2 160 101.3 100 0 0 0 0 0.5 0.615 0.308 
1.5 2 160 101.3 100 0 0 0 0 0.7 0.576 0.403 
1.5 2 160 101.3 100 0 0 0 0 0.9 0.537 0.483 
1.5 2 160 101.3 100 0 0 0 0 1.1 0.496 0.546 
1.5 2 160 101.3 100 0 0 0 0 1.3 0.453 0.589 
1.5 2 160 101.3 100 0 0 0 0 1.5 0.408 0.612 
                        
1.5 2 160 101.3 99 1 0 0 0 0 1.047 0.000 
1.5 2 160 101.3 99 1 0 0 0 0.05 0.760 0.038 
1.5 2 160 101.3 99 1 0 0 0 0.1 0.728 0.073 
1.5 2 160 101.3 99 1 0 0 0 0.2 0.682 0.136 
1.5 2 160 101.3 99 1 0 0 0 0.3 0.654 0.196 
1.5 2 160 101.3 99 1 0 0 0 0.5 0.606 0.303 
1.5 2 160 101.3 99 1 0 0 0 0.7 0.564 0.395 
1.5 2 160 101.3 99 1 0 0 0 0.9 0.523 0.471 
1.5 2 160 101.3 99 1 0 0 0 1.1 0.484 0.532 
1.5 2 160 101.3 99 1 0 0 0 1.3 0.443 0.576 
1.5 2 160 101.3 99 1 0 0 0 1.4 0.421 0.589 
1.5 2 160 101.3 99 1 0 0 0 1.5 0.400 0.600 
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        Anode Gas %       
Anode 
Stoic 
Cathode 
Stoic 
Temperature 
(℃) 
Pressure 
(kPa) H2 N2 CO2 CO H2O 
Current 
Density 
(A2/cm2) 
Voltage 
(V) 
Power 
(W/cm2) 
1.5 2 160 101.3 99 0 0 1 0 0 1.010 0.000 
1.5 2 160 101.3 99 0 0 1 0 0.05 0.755 0.038 
1.5 2 160 101.3 99 0 0 1 0 0.1 0.722 0.072 
1.5 2 160 101.3 99 0 0 1 0 0.2 0.671 0.134 
1.5 2 160 101.3 99 0 0 1 0 0.3 0.645 0.194 
1.5 2 160 101.3 99 0 0 1 0 0.5 0.589 0.295 
1.5 2 160 101.3 99 0 0 1 0 0.7 0.538 0.377 
1.5 2 160 101.3 99 0 0 1 0 0.9 0.489 0.440 
1.5 2 160 101.3 99 0 0 1 0 1.1 0.440 0.484 
1.5 2 160 101.3 99 0 0 1 0 1.3 0.389 0.506 
1.5 2 160 101.3 99 0 0 1 0 1.4 0.360 0.504 
1.5 2 160 101.3 99 0 0 1 0 1.5 0.336 0.504 
                        
1.5 2 160 101.3 100 0 0 0 0 0 1.010 0.000 
1.5 2 160 101.3 100 0 0 0 0 0.05 0.757 0.038 
1.5 2 160 101.3 100 0 0 0 0 0.1 0.724 0.072 
1.5 2 160 101.3 100 0 0 0 0 0.2 0.676 0.135 
1.5 2 160 101.3 100 0 0 0 0 0.3 0.647 0.194 
1.5 2 160 101.3 100 0 0 0 0 0.5 0.598 0.299 
1.5 2 160 101.3 100 0 0 0 0 0.7 0.555 0.389 
1.5 2 160 101.3 100 0 0 0 0 0.9 0.514 0.463 
1.5 2 160 101.3 100 0 0 0 0 1.1 0.473 0.520 
1.5 2 160 101.3 100 0 0 0 0 1.3 0.432 0.562 
1.5 2 160 101.3 100 0 0 0 0 1.5 0.390 0.585 
                        
1.5 2 160 101.3 97 3 0 0 0 0 1.010 0.000 
1.5 2 160 101.3 97 3 0 0 0 0.05 0.757 0.038 
1.5 2 160 101.3 97 3 0 0 0 0.1 0.724 0.072 
1.5 2 160 101.3 97 3 0 0 0 0.2 0.676 0.135 
1.5 2 160 101.3 97 3 0 0 0 0.3 0.647 0.194 
1.5 2 160 101.3 97 3 0 0 0 0.5 0.598 0.299 
1.5 2 160 101.3 97 3 0 0 0 0.7 0.555 0.389 
1.5 2 160 101.3 97 3 0 0 0 0.9 0.514 0.463 
1.5 2 160 101.3 97 3 0 0 0 1.1 0.474 0.521 
1.5 2 160 101.3 97 3 0 0 0 1.3 0.432 0.562 
1.5 2 160 101.3 97 3 0 0 0 1.4 0.411 0.575 
1.5 2 160 101.3 97 3 0 0 0 1.5 0.389 0.584 
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        Anode Gas %       
Anode 
Stoic 
Cathode 
Stoic 
Temperature 
(℃) 
Pressure 
(kPa) H2 N2 CO2 CO H2O 
Current 
Density 
(A2/cm2) 
Voltage 
(V) 
Power 
(W/cm2) 
1.5 2 160 101.3 97 0 0 3 0 0 1.008 0.000 
1.5 2 160 101.3 97 0 0 3 0 0.05 0.753 0.038 
1.5 2 160 101.3 97 0 0 3 0 0.1 0.716 0.072 
1.5 2 160 101.3 97 0 0 3 0 0.2 0.659 0.132 
1.5 2 160 101.3 97 0 0 3 0 0.3 0.624 0.187 
1.5 2 160 101.3 97 0 0 3 0 0.5 0.556 0.278 
1.5 2 160 101.3 97 0 0 3 0 0.7 0.488 0.342 
1.5 2 160 101.3 97 0 0 3 0 0.9 0.413 0.372 
1.5 2 160 101.3 97 0 0 3 0 1.1 0.342 0.376 
1.5 2 160 101.3 97 0 0 3 0 1.3 0.271 0.352 
1.5 2 160 101.3 97 0 0 3 0 1.4   0.000 
1.5 2 160 101.3 97 0 0 3 0 1.5   0.000 
                        
1.5 2 160 101.3 100 0 0 0 0 0 1.010 0.000 
1.5 2 160 101.3 100 0 0 0 0 0.05 0.755 0.038 
1.5 2 160 101.3 100 0 0 0 0 0.1 0.721 0.072 
1.5 2 160 101.3 100 0 0 0 0 0.2 0.672 0.134 
1.5 2 160 101.3 100 0 0 0 0 0.3 0.643 0.193 
1.5 2 160 101.3 100 0 0 0 0 0.5 0.593 0.297 
1.5 2 160 101.3 100 0 0 0 0 0.7 0.549 0.384 
1.5 2 160 101.3 100 0 0 0 0 0.9 0.508 0.457 
1.5 2 160 101.3 100 0 0 0 0 1.1 0.467 0.514 
1.5 2 160 101.3 100 0 0 0 0 1.3 0.425 0.553 
1.5 2 160 101.3 100 0 0 0 0 1.5 0.382 0.573 
                        
1.5 2 160 101.3 100 0 0 0 0 0 1.020 0.000 
1.5 2 160 101.3 100 0 0 0 0 0.05 0.752 0.038 
1.5 2 160 101.3 100 0 0 0 0 0.1 0.720 0.072 
1.5 2 160 101.3 100 0 0 0 0 0.2 0.671 0.134 
1.5 2 160 101.3 100 0 0 0 0 0.3 0.641 0.192 
1.5 2 160 101.3 100 0 0 0 0 0.5 0.592 0.296 
1.5 2 160 101.3 100 0 0 0 0 0.7 0.548 0.384 
1.5 2 160 101.3 100 0 0 0 0 0.9 0.506 0.455 
1.5 2 160 101.3 100 0 0 0 0 1.1 0.464 0.510 
1.5 2 160 101.3 100 0 0 0 0 1.3 0.422 0.549 
1.5 2 160 101.3 100 0 0 0 0 1.5 0.378 0.567 
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        Anode Gas %       
Anode 
Stoic 
Cathode 
Stoic 
Temperature 
(℃) 
Pressure 
(kPa) H2 N2 CO2 CO H2O 
Current 
Density 
(A2/cm2) 
Voltage 
(V) 
Power 
(W/cm2) 
1.5 2 160 101.3 95 5 0 0 0 0 1.017 0.000 
1.5 2 160 101.3 95 5 0 0 0 0.05 0.756 0.038 
1.5 2 160 101.3 95 5 0 0 0 0.1 0.722 0.072 
1.5 2 160 101.3 95 5 0 0 0 0.2 0.673 0.135 
1.5 2 160 101.3 95 5 0 0 0 0.3 0.643 0.193 
1.5 2 160 101.3 95 5 0 0 0 0.5 0.591 0.296 
1.5 2 160 101.3 95 5 0 0 0 0.7 0.547 0.383 
1.5 2 160 101.3 95 5 0 0 0 0.9 0.505 0.455 
1.5 2 160 101.3 95 5 0 0 0 1.1 0.464 0.510 
1.5 2 160 101.3 95 5 0 0 0 1.3 0.422 0.549 
1.5 2 160 101.3 95 5 0 0 0 1.4 0.400 0.560 
1.5 2 160 101.3 95 5 0 0 0 1.5 0.378 0.567 
                        
1.5 2 160 101.3 95 0 0 5 0 0 1.010 0.000 
1.5 2 160 101.3 95 0 0 5 0 0.05 0.753 0.038 
1.5 2 160 101.3 95 0 0 5 0 0.1 0.714 0.071 
1.5 2 160 101.3 95 0 0 5 0 0.2 0.650 0.130 
1.5 2 160 101.3 95 0 0 5 0 0.3 0.608 0.182 
1.5 2 160 101.3 95 0 0 5 0 0.5 0.513 0.257 
1.5 2 160 101.3 95 0 0 5 0 0.7 0.403 0.282 
1.5 2 160 101.3 95 0 0 5 0 0.9 0.307 0.276 
1.5 2 160 101.3 95 0 0 5 0 1.1   0.000 
1.5 2 160 101.3 95 0 0 5 0 1.3   0.000 
1.5 2 160 101.3 95 0 0 5 0 1.4   0.000 
1.5 2 160 101.3 95 0 0 5 0 1.5   0.000 
                        
1.5 2 160 101.3 100 0 0 0 0 0 1.022 0.000 
1.5 2 160 101.3 100 0 0 0 0 0.05 0.749 0.037 
1.5 2 160 101.3 100 0 0 0 0 0.1 0.715 0.072 
1.5 2 160 101.3 100 0 0 0 0 0.2 0.665 0.133 
1.5 2 160 101.3 100 0 0 0 0 0.3 0.635 0.191 
1.5 2 160 101.3 100 0 0 0 0 0.5 0.591 0.296 
1.5 2 160 101.3 100 0 0 0 0 0.7 0.542 0.379 
1.5 2 160 101.3 100 0 0 0 0 0.9 0.499 0.449 
1.5 2 160 101.3 100 0 0 0 0 1.1 0.456 0.502 
1.5 2 160 101.3 100 0 0 0 0 1.3 0.414 0.538 
1.5 2 160 101.3 100 0 0 0 0 1.5 0.370 0.555 
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        Anode Gas %       
Anode 
Stoic 
Cathode 
Stoic 
Temperature 
(℃) 
Pressure 
(kPa) H2 N2 CO2 CO H2O 
Current 
Density 
(A2/cm2) 
Voltage 
(V) 
Power 
(W/cm2) 
1.5 2 160 101.3 90 10 0 0 0 0 1.020 0.000 
1.5 2 160 101.3 90 10 0 0 0 0.05 0.752 0.038 
1.5 2 160 101.3 90 10 0 0 0 0.1 0.718 0.072 
1.5 2 160 101.3 90 10 0 0 0 0.2 0.668 0.134 
1.5 2 160 101.3 90 10 0 0 0 0.3 0.638 0.191 
1.5 2 160 101.3 90 10 0 0 0 0.5 0.587 0.294 
1.5 2 160 101.3 90 10 0 0 0 0.7 0.542 0.379 
1.5 2 160 101.3 90 10 0 0 0 0.9 0.500 0.450 
1.5 2 160 101.3 90 10 0 0 0 1.1 0.457 0.503 
1.5 2 160 101.3 90 10 0 0 0 1.3 0.414 0.538 
1.5 2 160 101.3 90 10 0 0 0 1.4 0.392 0.549 
1.5 2 160 101.3 90 10 0 0 0 1.5 0.370 0.555 
                        
1.5 2 160 101.3 90 0 0 10 0 0 1.011 0.000 
1.5 2 160 101.3 90 0 0 10 0 0.05 0.748 0.037 
1.5 2 160 101.3 90 0 0 10 0 0.1 0.706 0.071 
1.5 2 160 101.3 90 0 0 10 0 0.2 0.620 0.124 
1.5 2 160 101.3 90 0 0 10 0 0.3 0.540 0.162 
1.5 2 160 101.3 90 0 0 10 0 0.5 0.343 0.172 
1.5 2 160 101.3 90 0 0 10 0 0.7 0.171 0.120 
1.5 2 160 101.3 90 0 0 10 0 0.9   0.000 
1.5 2 160 101.3 90 0 0 10 0 1.1   0.000 
1.5 2 160 101.3 90 0 0 10 0 1.3   0.000 
1.5 2 160 101.3 90 0 0 10 0 1.4   0.000 
1.5 2 160 101.3 90 0 0 10 0 1.5   0.000 
                        
1.5 2 160 101.3 100 0 0 0 0 0 1.012 0.000 
1.5 2 160 101.3 100 0 0 0 0 0.05 0.743 0.037 
1.5 2 160 101.3 100 0 0 0 0 0.1 0.709 0.071 
1.5 2 160 101.3 100 0 0 0 0 0.2 0.660 0.132 
1.5 2 160 101.3 100 0 0 0 0 0.3 0.630 0.189 
1.5 2 160 101.3 100 0 0 0 0 0.5 0.579 0.290 
1.5 2 160 101.3 100 0 0 0 0 0.7 0.534 0.374 
1.5 2 160 101.3 100 0 0 0 0 0.9 0.491 0.442 
1.5 2 160 101.3 100 0 0 0 0 1.1 0.448 0.493 
1.5 2 160 101.3 100 0 0 0 0 1.3 0.405 0.527 
1.5 2 160 101.3 100 0 0 0 0 1.5 0.359 0.539 
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        Anode Gas %       
Anode 
Stoic 
Cathode 
Stoic 
Temperature 
(℃) 
Pressure 
(kPa) H2 N2 CO2 CO H2O 
Current 
Density 
(A2/cm2) 
Voltage 
(V) 
Power 
(W/cm2) 
1.5 2 160 101.3 85 15 0 0 0 0 1.020 0.000 
1.5 2 160 101.3 85 15 0 0 0 0.05 0.744 0.037 
1.5 2 160 101.3 85 15 0 0 0 0.1 0.711 0.071 
1.5 2 160 101.3 85 15 0 0 0 0.2 0.660 0.132 
1.5 2 160 101.3 85 15 0 0 0 0.3 0.629 0.189 
1.5 2 160 101.3 85 15 0 0 0 0.5 0.577 0.289 
1.5 2 160 101.3 85 15 0 0 0 0.7 0.530 0.371 
1.5 2 160 101.3 85 15 0 0 0 0.9 0.486 0.437 
1.5 2 160 101.3 85 15 0 0 0 1.1 0.443 0.487 
1.5 2 160 101.3 85 15 0 0 0 1.3 0.401 0.521 
1.5 2 160 101.3 85 15 0 0 0 1.4 0.376 0.526 
1.5 2 160 101.3 85 15 0 0 0 1.5 0.353 0.530 
                        
1.5 2 160 101.3 85 0 0 15 0 0 1.003 0.000 
1.5 2 160 101.3 85 0 0 15 0 0.05 0.742 0.037 
1.5 2 160 101.3 85 0 0 15 0 0.1 0.696 0.070 
1.5 2 160 101.3 85 0 0 15 0 0.15 0.647 0.097 
1.5 2 160 101.3 85 0 0 15 0 0.2 0.459 0.092 
1.5 2 160 101.3 85 0 0 15 0 0.25 0.331 0.083 
1.5 2 160 101.3 85 0 0 15 0 0.3 0.229 0.069 
1.5 2 160 101.3 85 0 0 15 0 0.35   0.000 
1.5 2 160 101.3 85 0 0 15 0 0.4   0.000 
1.5 2 160 101.3 85 0 0 15 0 0.45   0.000 
1.5 2 160 101.3 85 0 0 15 0 0.5   0.000 
1.5 2 160 101.3 85 0 0 15 0 0.55   0.000 
1.5 2 160 101.3 85 0 0 15 0 0.6   0.000 
1.5 2 160 101.3 85 0 0 15 0 0.65   0.000 
1.5 2 160 101.3 85 0 0 15 0 0.7   0.000 
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        Anode Gas %       
Anode 
Stoic 
Cathode 
Stoic 
Temperature 
(℃) 
Pressure 
(kPa) H2 N2 CO2 CO H2O 
Current 
Density 
(A2/cm2) 
Voltage 
(V) 
Power 
(W/cm2) 
                        
1.5 2 160 101.3 100 0 0 0 0 0 1.020 0.000 
1.5 2 160 101.3 100 0 0 0 0 0.05 0.742 0.037 
1.5 2 160 101.3 100 0 0 0 0 0.1 0.708 0.071 
1.5 2 160 101.3 100 0 0 0 0 0.2 0.657 0.131 
1.5 2 160 101.3 100 0 0 0 0 0.3 0.626 0.188 
1.5 2 160 101.3 100 0 0 0 0 0.5 0.575 0.288 
1.5 2 160 101.3 100 0 0 0 0 0.7 0.529 0.370 
1.5 2 160 101.3 100 0 0 0 0 0.9 0.484 0.436 
1.5 2 160 101.3 100 0 0 0 0 1.1 0.441 0.485 
1.5 2 160 101.3 100 0 0 0 0 1.3 0.397 0.516 
1.5 2 160 101.3 100 0 0 0 0 1.5 0.350 0.525 
                        
1.5 2 160 101.3 80 20 0 0 0 0 1.020 0.000 
1.5 2 160 101.3 80 20 0 0 0 0.05 0.742 0.037 
1.5 2 160 101.3 80 20 0 0 0 0.1 0.708 0.071 
1.5 2 160 101.3 80 20 0 0 0 0.2 0.657 0.131 
1.5 2 160 101.3 80 20 0 0 0 0.3 0.624 0.187 
1.5 2 160 101.3 80 20 0 0 0 0.5 0.573 0.287 
1.5 2 160 101.3 80 20 0 0 0 0.7 0.526 0.368 
1.5 2 160 101.3 80 20 0 0 0 0.9 0.481 0.433 
1.5 2 160 101.3 80 20 0 0 0 1.1 0.438 0.482 
1.5 2 160 101.3 80 20 0 0 0 1.3 0.394 0.512 
1.5 2 160 101.3 80 20 0 0 0 1.4 0.371 0.519 
1.5 2 160 101.3 80 20 0 0 0 1.5 0.348 0.522 
                        
1.5 2 160 101.3 80 0 0 20 0 0 1.010 0.000 
1.5 2 160 101.3 80 0 0 20 0 0.05 0.734 0.037 
1.5 2 160 101.3 80 0 0 20 0 0.1 0.679 0.068 
1.5 2 160 101.3 80 0 0 20 0 0.15 0.572 0.086 
1.5 2 160 101.3 80 0 0 20 0 0.2 0.267 0.053 
1.5 2 160 101.3 80 0 0 20 0 0.25   0.000 
1.5 2 160 101.3 80 0 0 20 0 0.3   0.000 
1.5 2 160 101.3 80 0 0 20 0 0.35   0.000 
1.5 2 160 101.3 80 0 0 20 0 0.4   0.000 
1.5 2 160 101.3 80 0 0 20 0 0.45   0.000 
1.5 2 160 101.3 80 0 0 20 0 0.5   0.000 
1.5 2 160 101.3 80 0 0 20 0 0.55   0.000 
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        Anode Gas %       
Anode 
Stoic 
Cathode 
Stoic 
Temperature 
(℃) 
Pressure 
(kPa) H2 N2 CO2 CO H2O 
Current 
Density 
(A2/cm2) 
Voltage 
(V) 
Power 
(W/cm2) 
1.5 2 180 101.3 100 0 0 0 0 0 1.005 0.000 
1.5 2 180 101.3 100 0 0 0 0 0.05 0.751 0.038 
1.5 2 180 101.3 100 0 0 0 0 0.1 0.721 0.072 
1.5 2 180 101.3 100 0 0 0 0 0.2 0.675 0.135 
1.5 2 180 101.3 100 0 0 0 0 0.3 0.646 0.194 
1.5 2 180 101.3 100 0 0 0 0 0.5 0.599 0.300 
1.5 2 180 101.3 100 0 0 0 0 0.7 0.556 0.389 
1.5 2 180 101.3 100 0 0 0 0 0.9 0.515 0.464 
1.5 2 180 101.3 100 0 0 0 0 1.1 0.474 0.521 
1.5 2 180 101.3 100 0 0 0 0 1.3 0.433 0.563 
1.5 2 180 101.3 100 0 0 0 0 1.5 0.39 0.585 
                        
1.5 2 180 101.3 99 1 0 0 0 0 1.007 0.000 
1.5 2 180 101.3 99 1 0 0 0 0.05 0.754 0.038 
1.5 2 180 101.3 99 1 0 0 0 0.1 0.723 0.072 
1.5 2 180 101.3 99 1 0 0 0 0.2 0.676 0.135 
1.5 2 180 101.3 99 1 0 0 0 0.3 0.647 0.194 
1.5 2 180 101.3 99 1 0 0 0 0.5 0.6 0.300 
1.5 2 180 101.3 99 1 0 0 0 0.7 0.556 0.389 
1.5 2 180 101.3 99 1 0 0 0 0.9 0.515 0.464 
1.5 2 180 101.3 99 1 0 0 0 1.1 0.474 0.521 
1.5 2 180 101.3 99 1 0 0 0 1.3 0.433 0.563 
1.5 2 180 101.3 99 1 0 0 0 1.4 0.412 0.577 
1.5 2 180 101.3 99 1 0 0 0 1.5 0.389 0.584 
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        Anode Gas %       
Anode 
Stoic 
Cathode 
Stoic 
Temperature 
(℃) 
Pressure 
(kPa) H2 N2 CO2 CO H2O 
Current 
Density 
(A2/cm2) 
Voltage 
(V) 
Power 
(W/cm2) 
1.5 2 180 101.3 99 0 0 1 0 0 1.007 0.000 
1.5 2 180 101.3 99 0 0 1 0 0.05 0.754 0.038 
1.5 2 180 101.3 99 0 0 1 0 0.1 0.72 0.072 
1.5 2 180 101.3 99 0 0 1 0 0.2 0.67 0.134 
1.5 2 180 101.3 99 0 0 1 0 0.3 0.64 0.192 
1.5 2 180 101.3 99 0 0 1 0 0.5 0.59 0.295 
1.5 2 180 101.3 99 0 0 1 0 0.7 0.543 0.380 
1.5 2 180 101.3 99 0 0 1 0 0.9 0.498 0.448 
1.5 2 180 101.3 99 0 0 1 0 1.1 0.455 0.501 
1.5 2 180 101.3 99 0 0 1 0 1.3 0.409 0.532 
1.5 2 180 101.3 99 0 0 1 0 1.4 0.387 0.542 
1.5 2 180 101.3 99 0 0 1 0 1.5 0.364 0.546 
1.5 2 180 101.3 99 0 0 1 0 1.6 0.339 0.542 
1.5 2 180 101.3 99 0 0 1 0 1.7 0.313 0.532 
1.5 2 180 101.3 99 0 0 1 0 1.8 0.283 0.509 
1.5 2 180 101.3 99 0 0 1 0 1.9 0.253 0.481 
                        
1.5 2 180 101.3 100 0 0 0 0 0 1.013 0.000 
1.5 2 180 101.3 100 0 0 0 0 0.05 0.753 0.038 
1.5 2 180 101.3 100 0 0 0 0 0.1 0.721 0.072 
1.5 2 180 101.3 100 0 0 0 0 0.2 0.674 0.135 
1.5 2 180 101.3 100 0 0 0 0 0.3 0.645 0.194 
1.5 2 180 101.3 100 0 0 0 0 0.5 0.596 0.298 
1.5 2 180 101.3 100 0 0 0 0 0.7 0.553 0.387 
1.5 2 180 101.3 100 0 0 0 0 0.9 0.511 0.460 
1.5 2 180 101.3 100 0 0 0 0 1.1 0.469 0.516 
1.5 2 180 101.3 100 0 0 0 0 1.3 0.428 0.556 
1.5 2 180 101.3 100 0 0 0 0 1.5 0.384 0.576 
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        Anode Gas %       
Anode 
Stoic 
Cathode 
Stoic 
Temperature 
(℃) 
Pressure 
(kPa) H2 N2 CO2 CO H2O 
Current 
Density 
(A2/cm2) 
Voltage 
(V) 
Power 
(W/cm2) 
1.5 2 180 101.3 97 3 0 0 0 0 1.01 0.000 
1.5 2 180 101.3 97 3 0 0 0 0.05 0.754 0.038 
1.5 2 180 101.3 97 3 0 0 0 0.1 0.722 0.072 
1.5 2 180 101.3 97 3 0 0 0 0.2 0.675 0.135 
1.5 2 180 101.3 97 3 0 0 0 0.3 0.646 0.194 
1.5 2 180 101.3 97 3 0 0 0 0.5 0.598 0.299 
1.5 2 180 101.3 97 3 0 0 0 0.7 0.553 0.387 
1.5 2 180 101.3 97 3 0 0 0 0.9 0.512 0.461 
1.5 2 180 101.3 97 3 0 0 0 1.1 0.47 0.517 
1.5 2 180 101.3 97 3 0 0 0 1.3 0.4285 0.557 
1.5 2 180 101.3 97 3 0 0 0 1.4 0.407 0.570 
1.5 2 180 101.3 97 3 0 0 0 1.5 0.385 0.578 
                        
1.5 2 180 101.3 97 0 0 3 0 0 1.009 0.000 
1.5 2 180 101.3 97 0 0 3 0 0.05 0.753 0.038 
1.5 2 180 101.3 97 0 0 3 0 0.1 0.717 0.072 
1.5 2 180 101.3 97 0 0 3 0 0.2 0.666 0.133 
1.5 2 180 101.3 97 0 0 3 0 0.3 0.635 0.191 
1.5 2 180 101.3 97 0 0 3 0 0.5 0.581 0.291 
1.5 2 180 101.3 97 0 0 3 0 0.7 0.529 0.370 
1.5 2 180 101.3 97 0 0 3 0 0.9 0.482 0.434 
1.5 2 180 101.3 97 0 0 3 0 1.1 0.434 0.477 
1.5 2 180 101.3 97 0 0 3 0 1.3 0.384 0.499 
1.5 2 180 101.3 97 0 0 3 0 1.4 0.36 0.504 
1.5 2 180 101.3 97 0 0 3 0 1.5 0.333 0.500 
1.5 2 180 101.3 97 0 0 3 0 1.6 0.311 0.498 
1.5 2 180 101.3 97 0 0 3 0 1.8 0.254 0.457 
  
102 
 
        Anode Gas %       
Anode 
Stoic 
Cathode 
Stoic 
Temperature 
(℃) 
Pressure 
(kPa) H2 N2 CO2 CO H2O 
Current 
Density 
(A2/cm2) 
Voltage 
(V) 
Power 
(W/cm2) 
1.5 2 180 101.3 100 0 0 0 0 0 1.02 0.000 
1.5 2 180 101.3 100 0 0 0 0 0.05 0.745 0.037 
1.5 2 180 101.3 100 0 0 0 0 0.1 0.714 0.071 
1.5 2 180 101.3 100 0 0 0 0 0.2 0.668 0.134 
1.5 2 180 101.3 100 0 0 0 0 0.3 0.637 0.191 
1.5 2 180 101.3 100 0 0 0 0 0.5 0.594 0.297 
1.5 2 180 101.3 100 0 0 0 0 0.7 0.55 0.385 
1.5 2 180 101.3 100 0 0 0 0 0.9 0.508 0.457 
1.5 2 180 101.3 100 0 0 0 0 1.1 0.467 0.514 
1.5 2 180 101.3 100 0 0 0 0 1.3 0.426 0.554 
1.5 2 180 101.3 100 0 0 0 0 1.5 0.382 0.573 
                        
1.5 2 180 101.3 95 5 0 0 0 0 1.02 0.000 
1.5 2 180 101.3 95 5 0 0 0 0.05 0.75 0.038 
1.5 2 180 101.3 95 5 0 0 0 0.1 0.72 0.072 
1.5 2 180 101.3 95 5 0 0 0 0.2 0.674 0.135 
1.5 2 180 101.3 95 5 0 0 0 0.3 0.645 0.194 
1.5 2 180 101.3 95 5 0 0 0 0.5 0.596 0.298 
1.5 2 180 101.3 95 5 0 0 0 0.7 0.551 0.386 
1.5 2 180 101.3 95 5 0 0 0 0.9 0.509 0.458 
1.5 2 180 101.3 95 5 0 0 0 1.1 0.467 0.514 
1.5 2 180 101.3 95 5 0 0 0 1.3 0.426 0.554 
1.5 2 180 101.3 95 5 0 0 0 1.4 0.404 0.566 
1.5 2 180 101.3 95 5 0 0 0 1.5 0.382 0.573 
                        
1.5 2 180 101.3 95 0 0 5 0 0 1.001 0.000 
1.5 2 180 101.3 95 0 0 5 0 0.05 0.752 0.038 
1.5 2 180 101.3 95 0 0 5 0 0.1 0.715 0.072 
1.5 2 180 101.3 95 0 0 5 0 0.2 0.661 0.132 
1.5 2 180 101.3 95 0 0 5 0 0.3 0.628 0.188 
1.5 2 180 101.3 95 0 0 5 0 0.5 0.571 0.286 
1.5 2 180 101.3 95 0 0 5 0 0.7 0.516 0.361 
1.5 2 180 101.3 95 0 0 5 0 0.9 0.476 0.428 
1.5 2 180 101.3 95 0 0 5 0 1.1 0.406 0.447 
1.5 2 180 101.3 95 0 0 5 0 1.3 0.349 0.454 
1.5 2 180 101.3 95 0 0 5 0 1.4 0.319 0.447 
1.5 2 180 101.3 95 0 0 5 0 1.5 0.296 0.444 
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        Anode Gas %       
Anode 
Stoic 
Cathode 
Stoic 
Temperature 
(℃) 
Pressure 
(kPa) H2 N2 CO2 CO H2O 
Current 
Density 
(A2/cm2) 
Voltage 
(V) 
Power 
(W/cm2) 
1.5 2 180 101.3 100 0 0 0 0 0 1.01 0.000 
1.5 2 180 101.3 100 0 0 0 0 0.05 0.749 0.037 
1.5 2 180 101.3 100 0 0 0 0 0.1 0.717 0.072 
1.5 2 180 101.3 100 0 0 0 0 0.2 0.67 0.134 
1.5 2 180 101.3 100 0 0 0 0 0.3 0.64 0.192 
1.5 2 180 101.3 100 0 0 0 0 0.5 0.592 0.296 
1.5 2 180 101.3 100 0 0 0 0 0.7 0.548 0.384 
1.5 2 180 101.3 100 0 0 0 0 0.9 0.506 0.455 
1.5 2 180 101.3 100 0 0 0 0 1.1 0.464 0.510 
1.5 2 180 101.3 100 0 0 0 0 1.3 0.422 0.549 
1.5 2 180 101.3 100 0 0 0 0 1.5 0.378 0.567 
                        
1.5 2 180 101.3 90 10 0 0 0 0 1.008 0.000 
1.5 2 180 101.3 90 10 0 0 0 0.05 0.75 0.038 
1.5 2 180 101.3 90 10 0 0 0 0.1 0.718 0.072 
1.5 2 180 101.3 90 10 0 0 0 0.2 0.67 0.134 
1.5 2 180 101.3 90 10 0 0 0 0.3 0.64 0.192 
1.5 2 180 101.3 90 10 0 0 0 0.5 0.592 0.296 
1.5 2 180 101.3 90 10 0 0 0 0.7 0.547 0.383 
1.5 2 180 101.3 90 10 0 0 0 0.9 0.504 0.454 
1.5 2 180 101.3 90 10 0 0 0 1.1 0.462 0.508 
1.5 2 180 101.3 90 10 0 0 0 1.3 0.42 0.546 
1.5 2 180 101.3 90 10 0 0 0 1.4 0.398 0.557 
1.5 2 180 101.3 90 10 0 0 0 1.5 0.376 0.564 
                        
1.5 2 180 101.3 90 0 0 10 0 0 1.01 0.000 
1.5 2 180 101.3 90 0 0 10 0 0.05 0.748 0.037 
1.5 2 180 101.3 90 0 0 10 0 0.1 0.711 0.071 
1.5 2 180 101.3 90 0 0 10 0 0.2 0.654 0.131 
1.5 2 180 101.3 90 0 0 10 0 0.3 0.615 0.185 
1.5 2 180 101.3 90 0 0 10 0 0.5 0.543 0.272 
1.5 2 180 101.3 90 0 0 10 0 0.7 0.462 0.323 
1.5 2 180 101.3 90 0 0 10 0 0.9 0.373 0.336 
1.5 2 180 101.3 90 0 0 10 0 1.1 0.285 0.314 
1.5 2 180 101.3 90 0 0 10 0 1.3   0.000 
1.5 2 180 101.3 90 0 0 10 0 1.4   0.000 
1.5 2 180 101.3 90 0 0 10 0 1.5   0.000 
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        Anode Gas %       
Anode 
Stoic 
Cathode 
Stoic 
Temperature 
(℃) 
Pressure 
(kPa) H2 N2 CO2 CO H2O 
Current 
Density 
(A2/cm2) 
Voltage 
(V) 
Power 
(W/cm2) 
1.5 2 180 101.3 100 0 0 0 0 0   0.000 
1.5 2 180 101.3 100 0 0 0 0 0.05   0.000 
1.5 2 180 101.3 100 0 0 0 0 0.1   0.000 
1.5 2 180 101.3 100 0 0 0 0 0.2   0.000 
1.5 2 180 101.3 100 0 0 0 0 0.3   0.000 
1.5 2 180 101.3 100 0 0 0 0 0.5   0.000 
1.5 2 180 101.3 100 0 0 0 0 0.7   0.000 
1.5 2 180 101.3 100 0 0 0 0 0.9   0.000 
1.5 2 180 101.3 100 0 0 0 0 1.1   0.000 
1.5 2 180 101.3 100 0 0 0 0 1.3   0.000 
1.5 2 180 101.3 100 0 0 0 0 1.4   0.000 
1.5 2 180 101.3 100 0 0 0 0 1.5   0.000 
                        
1.5 2 180 101.3 100 0 0 0 0 0 1.01 0.000 
1.5 2 180 101.3 100 0 0 0 0 0.05 0.746 0.037 
1.5 2 180 101.3 100 0 0 0 0 0.1 0.715 0.072 
1.5 2 180 101.3 100 0 0 0 0 0.2 0.668 0.134 
1.5 2 180 101.3 100 0 0 0 0 0.3 0.64 0.192 
1.5 2 180 101.3 100 0 0 0 0 0.5 0.593 0.297 
1.5 2 180 101.3 100 0 0 0 0 0.7 0.549 0.384 
1.5 2 180 101.3 100 0 0 0 0 0.9 0.506 0.455 
1.5 2 180 101.3 100 0 0 0 0 1.1 0.464 0.510 
1.5 2 180 101.3 100 0 0 0 0 1.3 0.422 0.549 
1.5 2 180 101.3 100 0 0 0 0 1.5 0.378 0.567 
                        
1.5 2 180 101.3 85 15 0 0 0 0 1.009 0.000 
1.5 2 180 101.3 85 15 0 0 0 0.05 0.748 0.037 
1.5 2 180 101.3 85 15 0 0 0 0.1 0.716 0.072 
1.5 2 180 101.3 85 15 0 0 0 0.2 0.668 0.134 
1.5 2 180 101.3 85 15 0 0 0 0.3 0.638 0.191 
1.5 2 180 101.3 85 15 0 0 0 0.5 0.589 0.295 
1.5 2 180 101.3 85 15 0 0 0 0.7 0.544 0.381 
1.5 2 180 101.3 85 15 0 0 0 0.9 0.502 0.452 
1.5 2 180 101.3 85 15 0 0 0 1.1 0.459 0.505 
1.5 2 180 101.3 85 15 0 0 0 1.3 0.417 0.542 
1.5 2 180 101.3 85 15 0 0 0 1.4 0.395 0.553 
1.5 2 180 101.3 85 15 0 0 0 1.5 0.373 0.560 
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        Anode Gas %       
Anode 
Stoic 
Cathode 
Stoic 
Temperature 
(℃) 
Pressure 
(kPa) H2 N2 CO2 CO H2O 
Current 
Density 
(A2/cm2) 
Voltage 
(V) 
Power 
(W/cm2) 
1.5 2 180 101.3 85 0 0 15 0 0 1.03 0.000 
1.5 2 180 101.3 85 0 0 15 0 0.05 0.745 0.037 
1.5 2 180 101.3 85 0 0 15 0 0.1 0.707 0.071 
1.5 2 180 101.3 85 0 0 15 0 0.2 0.642 0.128 
1.5 2 180 101.3 85 0 0 15 0 0.3 0.597 0.179 
1.5 2 180 101.3 85 0 0 15 0 0.5 0.483 0.242 
1.5 2 180 101.3 85 0 0 15 0 0.55 0.452 0.249 
1.5 2 180 101.3 85 0 0 15 0 0.6 0.414 0.248 
1.5 2 180 101.3 85 0 0 15 0 0.65 0.377 0.245 
1.5 2 180 101.3 85 0 0 15 0 0.7 0.335 0.235 
1.5 2 180 101.3 85 0 0 15 0 0.75 0.298 0.224 
1.5 2 180 101.3 85 0 0 15 0 0.8 0.268 0.214 
1.5 2 180 101.3 85 0 0 15 0 0.85 0.236 0.201 
                        
1.5 2 180 101.3 100 0 0 0 0 0 1.01 0.000 
1.5 2 180 101.3 100 0 0 0 0 0.05 0.748 0.037 
1.5 2 180 101.3 100 0 0 0 0 0.1 0.716 0.072 
1.5 2 180 101.3 100 0 0 0 0 0.2 0.668 0.134 
1.5 2 180 101.3 100 0 0 0 0 0.3 0.64 0.192 
1.5 2 180 101.3 100 0 0 0 0 0.5 0.589 0.295 
1.5 2 180 101.3 100 0 0 0 0 0.7 0.545 0.382 
1.5 2 180 101.3 100 0 0 0 0 0.9 0.502 0.452 
1.5 2 180 101.3 100 0 0 0 0 1.1 0.46 0.506 
1.5 2 180 101.3 100 0 0 0 0 1.3 0.417 0.542 
1.5 2 180 101.3 100 0 0 0 0 1.5 0.372 0.558 
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        Anode Gas %       
Anode 
Stoic 
Cathode 
Stoic 
Temperature 
(℃) 
Pressure 
(kPa) H2 N2 CO2 CO H2O 
Current 
Density 
(A2/cm2) 
Voltage 
(V) 
Power 
(W/cm2) 
1.5 2 180 101.3 80 20 0 0 0 0 1.008 0.000 
1.5 2 180 101.3 80 20 0 0 0 0.05 0.746 0.037 
1.5 2 180 101.3 80 20 0 0 0 0.1 0.713 0.071 
1.5 2 180 101.3 80 20 0 0 0 0.2 0.664 0.133 
1.5 2 180 101.3 80 20 0 0 0 0.3 0.634 0.190 
1.5 2 180 101.3 80 20 0 0 0 0.5 0.585 0.293 
1.5 2 180 101.3 80 20 0 0 0 0.7 0.539 0.377 
1.5 2 180 101.3 80 20 0 0 0 0.9 0.497 0.447 
1.5 2 180 101.3 80 20 0 0 0 1.1 0.454 0.499 
1.5 2 180 101.3 80 20 0 0 0 1.3 0.412 0.536 
1.5 2 180 101.3 80 20 0 0 0 1.4 0.39 0.546 
1.5 2 180 101.3 80 20 0 0 0 1.5 0.367 0.551 
                        
1.5 2 180 101.3 80 0 0 20 0 0 1.003 0.000 
1.5 2 180 101.3 80 0 0 20 0 0.05 0.742 0.037 
1.5 2 180 101.3 80 0 0 20 0 0.1 0.702 0.070 
1.5 2 180 101.3 80 0 0 20 0 0.15 0.669 0.100 
1.5 2 180 101.3 80 0 0 20 0 0.2 0.627 0.125 
1.5 2 180 101.3 80 0 0 20 0 0.25 0.595 0.149 
1.5 2 180 101.3 80 0 0 20 0 0.3 0.566 0.170 
1.5 2 180 101.3 80 0 0 20 0 0.35 0.531 0.186 
1.5 2 180 101.3 80 0 0 20 0 0.4 0.463 0.185 
1.5 2 180 101.3 80 0 0 20 0 0.45 0.409 0.184 
1.5 2 180 101.3 80 0 0 20 0 0.5 0.357 0.179 
1.5 2 180 101.3 80 0 0 20 0 0.55 0.308 0.169 
1.5 2 180 101.3 80 0 0 20 0 0.6 0.261 0.157 
1.5 2 180 101.3 80 0 0 20 0 0.65 0.224 0.146 
1.5 2 180 101.3 80 0 0 20 0 0.7   0.000 
1.5 2 180 101.3 80 0 0 20 0 0.75   0.000 
1.5 2 180 101.3 80 0 0 20 0 0.8   0.000 
1.5 2 180 101.3 80 0 0 20 0 0.85   0.000 
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        Anode Gas %       
Anode 
Stoic 
Cathode 
Stoic 
Temperature 
(℃) 
Pressure 
(kPa) H2 N2 CO2 CO H2O 
Current 
Density 
(A2/cm2) 
Voltage 
(V) 
Power 
(W/cm2) 
1.5 2 200 101.3 100 0 0 0 0 0 1 0.000 
1.5 2 200 101.3 100 0 0 0 0 0.05 0.754 0.038 
1.5 2 200 101.3 100 0 0 0 0 0.1 0.723 0.072 
1.5 2 200 101.3 100 0 0 0 0 0.2 0.679 0.136 
1.5 2 200 101.3 100 0 0 0 0 0.3 0.652 0.196 
1.5 2 200 101.3 100 0 0 0 0 0.5 0.606 0.303 
1.5 2 200 101.3 100 0 0 0 0 0.7 0.564 0.395 
1.5 2 200 101.3 100 0 0 0 0 0.9 0.524 0.472 
1.5 2 200 101.3 100 0 0 0 0 1.1 0.484 0.532 
1.5 2 200 101.3 100 0 0 0 0 1.3 0.444 0.577 
1.5 2 200 101.3 100 0 0 0 0 1.5 0.402 0.603 
                        
1.5 2 200 101.3 99 1 0 0 0 0 1.002 0.000 
1.5 2 200 101.3 99 1 0 0 0 0.05 0.757 0.038 
1.5 2 200 101.3 99 1 0 0 0 0.1 0.725 0.073 
1.5 2 200 101.3 99 1 0 0 0 0.2 0.681 0.136 
1.5 2 200 101.3 99 1 0 0 0 0.3 0.653 0.196 
1.5 2 200 101.3 99 1 0 0 0 0.5 0.608 0.304 
1.5 2 200 101.3 99 1 0 0 0 0.7 0.565 0.396 
1.5 2 200 101.3 99 1 0 0 0 0.9 0.525 0.473 
1.5 2 200 101.3 99 1 0 0 0 1.1 0.485 0.534 
1.5 2 200 101.3 99 1 0 0 0 1.3 0.444 0.577 
1.5 2 200 101.3 99 1 0 0 0 1.4 0.423 0.592 
1.5 2 200 101.3 99 1 0 0 0 1.5 0.402 0.603 
  
108 
 
        Anode Gas %       
Anode 
Stoic 
Cathode 
Stoic 
Temperature 
(℃) 
Pressure 
(kPa) H2 N2 CO2 CO H2O 
Current 
Density 
(A2/cm2) 
Voltage 
(V) 
Power 
(W/cm2) 
1.5 2 200 101.3 99 0 0 1 0 0 1.002 0.000 
1.5 2 200 101.3 99 0 0 1 0 0.05 0.758 0.038 
1.5 2 200 101.3 99 0 0 1 0 0.1 0.724 0.072 
1.5 2 200 101.3 99 0 0 1 0 0.2 0.677 0.135 
1.5 2 200 101.3 99 0 0 1 0 0.3 0.649 0.195 
1.5 2 200 101.3 99 0 0 1 0 0.5 0.602 0.301 
1.5 2 200 101.3 99 0 0 1 0 0.7 0.558 0.391 
1.5 2 200 101.3 99 0 0 1 0 0.9 0.516 0.464 
1.5 2 200 101.3 99 0 0 1 0 1.1 0.474 0.521 
1.5 2 200 101.3 99 0 0 1 0 1.3 0.432 0.562 
1.5 2 200 101.3 99 0 0 1 0 1.4 0.41 0.574 
1.5 2 200 101.3 99 0 0 1 0 1.5 0.389 0.584 
1.5 2 200 101.3 99 0 0 1 0 1.6 0.366 0.586 
1.5 2 200 101.3 99 0 0 1 0 1.7 0.344 0.585 
1.5 2 200 101.3 99 0 0 1 0 1.8 0.303 0.545 
                        
1.5 2 200 101.3 100 0 0 0 0 0 1.008 0.000 
1.5 2 200 101.3 100 0 0 0 0 0.05 0.753 0.038 
1.5 2 200 101.3 100 0 0 0 0 0.1 0.721 0.072 
1.5 2 200 101.3 100 0 0 0 0 0.2 0.677 0.135 
1.5 2 200 101.3 100 0 0 0 0 0.3 0.649 0.195 
1.5 2 200 101.3 100 0 0 0 0 0.5 0.604 0.302 
1.5 2 200 101.3 100 0 0 0 0 0.7 0.562 0.393 
1.5 2 200 101.3 100 0 0 0 0 0.9 0.522 0.470 
1.5 2 200 101.3 100 0 0 0 0 1.1 0.482 0.530 
1.5 2 200 101.3 100 0 0 0 0 1.3 0.441 0.573 
1.5 2 200 101.3 100 0 0 0 0 1.5 0.3995 0.599 
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        Anode Gas %       
Anode 
Stoic 
Cathode 
Stoic 
Temperature 
(℃) 
Pressure 
(kPa) H2 N2 CO2 CO H2O 
Current 
Density 
(A2/cm2) 
Voltage 
(V) 
Power 
(W/cm2) 
1.5 2 200 101.3 97 3 0 0 0 0 1.003 0.000 
1.5 2 200 101.3 97 3 0 0 0 0.05 0.755 0.038 
1.5 2 200 101.3 97 3 0 0 0 0.1 0.723 0.072 
1.5 2 200 101.3 97 3 0 0 0 0.2 0.6785 0.136 
1.5 2 200 101.3 97 3 0 0 0 0.3 0.651 0.195 
1.5 2 200 101.3 97 3 0 0 0 0.5 0.605 0.303 
1.5 2 200 101.3 97 3 0 0 0 0.7 0.562 0.393 
1.5 2 200 101.3 97 3 0 0 0 0.9 0.521 0.469 
1.5 2 200 101.3 97 3 0 0 0 1.1 0.48 0.528 
1.5 2 200 101.3 97 3 0 0 0 1.3 0.44 0.572 
1.5 2 200 101.3 97 3 0 0 0 1.4 0.419 0.587 
1.5 2 200 101.3 97 3 0 0 0 1.5 0.397 0.596 
                        
1.5 2 200 101.3 97 0 0 3 0 0 1 0.000 
1.5 2 200 101.3 97 0 0 3 0 0.05 0.754 0.038 
1.5 2 200 101.3 97 0 0 3 0 0.1 0.72 0.072 
1.5 2 200 101.3 97 0 0 3 0 0.2 0.672 0.134 
1.5 2 200 101.3 97 0 0 3 0 0.3 0.643 0.193 
1.5 2 200 101.3 97 0 0 3 0 0.5 0.595 0.298 
1.5 2 200 101.3 97 0 0 3 0 0.7 0.549 0.384 
1.5 2 200 101.3 97 0 0 3 0 0.9 0.504 0.454 
1.5 2 200 101.3 97 0 0 3 0 1.1 0.46 0.506 
1.5 2 200 101.3 97 0 0 3 0 1.3 0.416 0.541 
1.5 2 200 101.3 97 0 0 3 0 1.4 0.39 0.546 
1.5 2 200 101.3 97 0 0 3 0 1.5 0.371 0.557 
1.5 2 200 101.3 97 0 0 3 0 1.6 0.347 0.555 
1.5 2 200 101.3 97 0 0 3 0 1.7 0.322 0.547 
1.5 2 200 101.3 97 0 0 3 0 1.8 0.295 0.531 
1.5 2 200 101.3 97 0 0 3 0 1.9 0.267 0.507 
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        Anode Gas %       
Anode 
Stoic 
Cathode 
Stoic 
Temperature 
(℃) 
Pressure 
(kPa) H2 N2 CO2 CO H2O 
Current 
Density 
(A2/cm2) 
Voltage 
(V) 
Power 
(W/cm2) 
1.5 2 200 101.3 100 0 0 0 0 0   0.000 
1.5 2 200 101.3 100 0 0 0 0 0.05   0.000 
1.5 2 200 101.3 100 0 0 0 0 0.1   0.000 
1.5 2 200 101.3 100 0 0 0 0 0.2   0.000 
1.5 2 200 101.3 100 0 0 0 0 0.3   0.000 
1.5 2 200 101.3 100 0 0 0 0 0.5   0.000 
1.5 2 200 101.3 100 0 0 0 0 0.7   0.000 
1.5 2 200 101.3 100 0 0 0 0 0.9   0.000 
1.5 2 200 101.3 100 0 0 0 0 1.1   0.000 
1.5 2 200 101.3 100 0 0 0 0 1.3   0.000 
1.5 2 200 101.3 100 0 0 0 0 1.4   0.000 
1.5 2 200 101.3 100 0 0 0 0 1.5   0.000 
                        
1.5 2 200 101.3 100 0 0 0 0 0 1.003 0.000 
1.5 2 200 101.3 100 0 0 0 0 0.05 0.748 0.037 
1.5 2 200 101.3 100 0 0 0 0 0.1 0.718 0.072 
1.5 2 200 101.3 100 0 0 0 0 0.2 0.674 0.135 
1.5 2 200 101.3 100 0 0 0 0 0.3 0.6475 0.194 
1.5 2 200 101.3 100 0 0 0 0 0.5 0.603 0.302 
1.5 2 200 101.3 100 0 0 0 0 0.7 0.561 0.393 
1.5 2 200 101.3 100 0 0 0 0 0.9 0.52 0.468 
1.5 2 200 101.3 100 0 0 0 0 1.1 0.48 0.528 
1.5 2 200 101.3 100 0 0 0 0 1.3 0.439 0.571 
1.5 2 200 101.3 100 0 0 0 0 1.5 0.396 0.594 
                        
1.5 2 200 101.3 95 5 0 0 0 0 1 0.000 
1.5 2 200 101.3 95 5 0 0 0 0.05 0.752 0.038 
1.5 2 200 101.3 95 5 0 0 0 0.1 0.7205 0.072 
1.5 2 200 101.3 95 5 0 0 0 0.2 0.676 0.135 
1.5 2 200 101.3 95 5 0 0 0 0.3 0.648 0.194 
1.5 2 200 101.3 95 5 0 0 0 0.5 0.601 0.301 
1.5 2 200 101.3 95 5 0 0 0 0.7 0.557 0.390 
1.5 2 200 101.3 95 5 0 0 0 0.9 0.515 0.464 
1.5 2 200 101.3 95 5 0 0 0 1.1 0.4735 0.521 
1.5 2 200 101.3 95 5 0 0 0 1.3 0.4315 0.561 
1.5 2 200 101.3 95 5 0 0 0 1.4 0.41 0.574 
1.5 2 200 101.3 95 5 0 0 0 1.5 0.3875 0.581 
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        Anode Gas %       
Anode 
Stoic 
Cathode 
Stoic 
Temperature 
(℃) 
Pressure 
(kPa) H2 N2 CO2 CO H2O 
Current 
Density 
(A2/cm2) 
Voltage 
(V) 
Power 
(W/cm2) 
1.5 2 200 101.3 95 0 0 5 0 0 1.01 0.000 
1.5 2 200 101.3 95 0 0 5 0 0.05 0.75 0.038 
1.5 2 200 101.3 95 0 0 5 0 0.1 0.716 0.072 
1.5 2 200 101.3 95 0 0 5 0 0.2 0.666 0.133 
1.5 2 200 101.3 95 0 0 5 0 0.3 0.635 0.191 
1.5 2 200 101.3 95 0 0 5 0 0.5 0.579 0.290 
1.5 2 200 101.3 95 0 0 5 0 0.7 0.524 0.367 
1.5 2 200 101.3 95 0 0 5 0 0.9 0.464 0.418 
1.5 2 200 101.3 95 0 0 5 0 1.1 0.406 0.447 
1.5 2 200 101.3 95 0 0 5 0 1.3 0.35 0.455 
1.5 2 200 101.3 95 0 0 5 0 1.4 0.322 0.451 
1.5 2 200 101.3 95 0 0 5 0 1.5 0.299 0.449 
1.5 2 200 101.3 95 0 0 5 0 1.6 0.271 0.434 
1.5 2 200 101.3 95 0 0 5 0 1.7 0.247 0.420 
                        
1.5 2 200 101.3 100 0 0 0 0 0 1.001 0.000 
1.5 2 200 101.3 100 0 0 0 0 0.05 0.749 0.037 
1.5 2 200 101.3 100 0 0 0 0 0.1 0.717 0.072 
1.5 2 200 101.3 100 0 0 0 0 0.2 0.6725 0.135 
1.5 2 200 101.3 100 0 0 0 0 0.3 0.645 0.194 
1.5 2 200 101.3 100 0 0 0 0 0.5 0.5975 0.299 
1.5 2 200 101.3 100 0 0 0 0 0.7 0.554 0.388 
1.5 2 200 101.3 100 0 0 0 0 0.9 0.512 0.461 
1.5 2 200 101.3 100 0 0 0 0 1.1 0.47 0.517 
1.5 2 200 101.3 100 0 0 0 0 1.3 0.428 0.556 
1.5 2 200 101.3 100 0 0 0 0 1.5 0.384 0.576 
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        Anode Gas %       
Anode 
Stoic 
Cathode 
Stoic 
Temperature 
(℃) 
Pressure 
(kPa) H2 N2 CO2 CO H2O 
Current 
Density 
(A2/cm2) 
Voltage 
(V) 
Power 
(W/cm2) 
1.5 2 200 101.3 90 10 0 0 0 0 0.999 0.000 
1.5 2 200 101.3 90 10 0 0 0 0.05 0.749 0.037 
1.5 2 200 101.3 90 10 0 0 0 0.1 0.717 0.072 
1.5 2 200 101.3 90 10 0 0 0 0.2 0.672 0.134 
1.5 2 200 101.3 90 10 0 0 0 0.3 0.6425 0.193 
1.5 2 200 101.3 90 10 0 0 0 0.5 0.593 0.297 
1.5 2 200 101.3 90 10 0 0 0 0.7 0.548 0.384 
1.5 2 200 101.3 90 10 0 0 0 0.9 0.5045 0.454 
1.5 2 200 101.3 90 10 0 0 0 1.1 0.461 0.507 
1.5 2 200 101.3 90 10 0 0 0 1.3 0.418 0.543 
1.5 2 200 101.3 90 10 0 0 0 1.4 0.395 0.553 
1.5 2 200 101.3 90 10 0 0 0 1.5 0.372 0.558 
                        
1.5 2 200 101.3 90 0 0 10 0 0 1.01 0.000 
1.5 2 200 101.3 90 0 0 10 0 0.05 0.746 0.037 
1.5 2 200 101.3 90 0 0 10 0 0.1 0.712 0.071 
1.5 2 200 101.3 90 0 0 10 0 0.2 0.657 0.131 
1.5 2 200 101.3 90 0 0 10 0 0.3 0.622 0.187 
1.5 2 200 101.3 90 0 0 10 0 0.5 0.553 0.277 
1.5 2 200 101.3 90 0 0 10 0 0.7 0.473 0.331 
1.5 2 200 101.3 90 0 0 10 0 0.9 0.397 0.357 
1.5 2 200 101.3 90 0 0 10 0 1.1 0.319 0.351 
1.5 2 200 101.3 90 0 0 10 0 1.2 0.282 0.338 
1.5 2 200 101.3 90 0 0 10 0 1.3 0.246 0.320 
1.5 2 200 101.3 90 0 0 10 0 1.5   0.000 
                        
1.5 2 200 101.3 100 0 0 0 0 0 1.001 0.000 
1.5 2 200 101.3 100 0 0 0 0 0.05 0.746 0.037 
1.5 2 200 101.3 100 0 0 0 0 0.1 0.7155 0.072 
1.5 2 200 101.3 100 0 0 0 0 0.2 0.671 0.134 
1.5 2 200 101.3 100 0 0 0 0 0.3 0.643 0.193 
1.5 2 200 101.3 100 0 0 0 0 0.5 0.596 0.298 
1.5 2 200 101.3 100 0 0 0 0 0.7 0.553 0.387 
1.5 2 200 101.3 100 0 0 0 0 0.9 0.511 0.460 
1.5 2 200 101.3 100 0 0 0 0 1.1 0.469 0.516 
1.5 2 200 101.3 100 0 0 0 0 1.3 0.427 0.555 
1.5 2 200 101.3 100 0 0 0 0 1.5 0.383 0.575 
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        Anode Gas %       
Anode 
Stoic 
Cathode 
Stoic 
Temperature 
(℃) 
Pressure 
(kPa) H2 N2 CO2 CO H2O 
Current 
Density 
(A2/cm2) 
Voltage 
(V) 
Power 
(W/cm2) 
1.5 2 200 101.3 85 15 0 0 0 0 0.996 0.000 
1.5 2 200 101.3 85 15 0 0 0 0.05 0.7455 0.037 
1.5 2 200 101.3 85 15 0 0 0 0.1 0.714 0.071 
1.5 2 200 101.3 85 15 0 0 0 0.2 0.667 0.133 
1.5 2 200 101.3 85 15 0 0 0 0.3 0.638 0.191 
1.5 2 200 101.3 85 15 0 0 0 0.5 0.589 0.295 
1.5 2 200 101.3 85 15 0 0 0 0.7 0.543 0.380 
1.5 2 200 101.3 85 15 0 0 0 0.9 0.4995 0.450 
1.5 2 200 101.3 85 15 0 0 0 1.1 0.456 0.502 
1.5 2 200 101.3 85 15 0 0 0 1.3 0.412 0.536 
1.5 2 200 101.3 85 15 0 0 0 1.4 0.389 0.545 
1.5 2 200 101.3 85 15 0 0 0 1.5 0.3655 0.548 
                        
1.5 2 200 101.3 85 0 0 15 0 0 1.001 0.000 
1.5 2 200 101.3 85 0 0 15 0 0.05 0.741 0.037 
1.5 2 200 101.3 85 0 0 15 0 0.1 0.708 0.071 
1.5 2 200 101.3 85 0 0 15 0 0.2 0.65 0.130 
1.5 2 200 101.3 85 0 0 15 0 0.3 0.611 0.183 
1.5 2 200 101.3 85 0 0 15 0 0.5 0.527 0.264 
1.5 2 200 101.3 85 0 0 15 0 0.6 0.477 0.286 
1.5 2 200 101.3 85 0 0 15 0 0.7 0.416 0.291 
1.5 2 200 101.3 85 0 0 15 0 0.8 0.375 0.300 
1.5 2 200 101.3 85 0 0 15 0 0.85 0.345 0.293 
1.5 2 200 101.3 85 0 0 15 0 0.9 0.317 0.285 
1.5 2 200 101.3 85 0 0 15 0 0.95 0.283 0.269 
1.5 2 200 101.3 85 0 0 15 0 1 0.265 0.265 
1.5 2 200 101.3 85 0 0 15 0 1.05 0.242 0.254 
1.5 2 200 101.3 85 0 0 15 0 1.1 0.216 0.238 
                        
1.5 2 200 101.3 100 0 0 0 0 0 0.995 0.000 
1.5 2 200 101.3 100 0 0 0 0 0.05 0.746 0.037 
1.5 2 200 101.3 100 0 0 0 0 0.1 0.715 0.072 
1.5 2 200 101.3 100 0 0 0 0 0.2 0.67 0.134 
1.5 2 200 101.3 100 0 0 0 0 0.3 0.642 0.193 
1.5 2 200 101.3 100 0 0 0 0 0.5 0.594 0.297 
1.5 2 200 101.3 100 0 0 0 0 0.7 0.55 0.385 
1.5 2 200 101.3 100 0 0 0 0 0.9 0.508 0.457 
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        Anode Gas %       
Anode 
Stoic 
Cathode 
Stoic 
Temperature 
(℃) 
Pressure 
(kPa) H2 N2 CO2 CO H2O 
Current 
Density 
(A2/cm2) 
Voltage 
(V) 
Power 
(W/cm2) 
1.5 2 200 101.3 100 0 0 0 0 1.1 0.466 0.513 
1.5 2 200 101.3 100 0 0 0 0 1.3 0.424 0.551 
1.5 2 200 101.3 100 0 0 0 0 1.5 0.381 0.572 
                        
1.5 2 200 101.3 80 20 0 0 0 0 0.993 0.000 
1.5 2 200 101.3 80 20 0 0 0 0.05 0.742 0.037 
1.5 2 200 101.3 80 20 0 0 0 0.1 0.711 0.071 
1.5 2 200 101.3 80 20 0 0 0 0.2 0.664 0.133 
1.5 2 200 101.3 80 20 0 0 0 0.3 0.635 0.191 
1.5 2 200 101.3 80 20 0 0 0 0.5 0.586 0.293 
1.5 2 200 101.3 80 20 0 0 0 0.7 0.541 0.379 
1.5 2 200 101.3 80 20 0 0 0 0.9 0.497 0.447 
1.5 2 200 101.3 80 20 0 0 0 1.1 0.454 0.499 
1.5 2 200 101.3 80 20 0 0 0 1.3 0.411 0.534 
1.5 2 200 101.3 80 20 0 0 0 1.4 0.389 0.545 
1.5 2 200 101.3 80 20 0 0 0 1.5 0.365 0.548 
                        
1.5 2 200 101.3 80 0 0 20 0 0 0.998 0.000 
1.5 2 200 101.3 80 0 0 20 0 0.05 0.738 0.037 
1.5 2 200 101.3 80 0 0 20 0 0.1 0.702 0.070 
1.5 2 200 101.3 80 0 0 20 0 0.15 0.674 0.101 
1.5 2 200 101.3 80 0 0 20 0 0.2 0.641 0.128 
1.5 2 200 101.3 80 0 0 20 0 0.3 0.594 0.178 
1.5 2 200 101.3 80 0 0 20 0 0.4 0.543 0.217 
1.5 2 200 101.3 80 0 0 20 0 0.5 0.471 0.236 
1.5 2 200 101.3 80 0 0 20 0 0.6 0.393 0.236 
1.5 2 200 101.3 80 0 0 20 0 0.65 0.367 0.239 
1.5 2 200 101.3 80 0 0 20 0 0.7 0.329 0.230 
1.5 2 200 101.3 80 0 0 20 0 0.75 0.282 0.212 
1.5 2 200 101.3 80 0 0 20 0 0.8 0.234 0.187 
1.5 2 200 101.3 80 0 0 20 0 0.85   0.000 
1.5 2 200 101.3 80 0 0 20 0 0.9   0.000 
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A1.2 Startup and shutdown procedures 
  Origin       Anode Gas %       
Anode 
Stoic 
Cathode 
Stoic 
Temperature 
(℃) 
Pressure 
(kPa) H2 N2 CO2 CO H2O 
Current 
Density 
(A2/cm2) 
Voltage 
(V) 
Power 
(W/cm2) 
1.5 2 200 101.3 100 0 0 0 0 0 1.002 0.000 
1.5 2 200 101.3 100 0 0 0 0 0.05 0.783 0.039 
1.5 2 200 101.3 100 0 0 0 0 0.1 0.751 0.075 
1.5 2 200 101.3 100 0 0 0 0 0.2 0.708 0.142 
1.5 2 200 101.3 100 0 0 0 0 0.3 0.683 0.205 
1.5 2 200 101.3 100 0 0 0 0 0.5 0.644 0.322 
1.5 2 200 101.3 100 0 0 0 0 0.7 0.608 0.426 
1.5 2 200 101.3 100 0 0 0 0 0.9 0.573 0.516 
1.5 2 200 101.3 100 0 0 0 0 1.1 0.537 0.591 
1.5 2 200 101.3 100 0 0 0 0 1.3 0.497 0.646 
1.5 2 200 101.3 100 0 0 0 0 1.5 0.447 0.671 
                        
 Post-
50 cycle       Anode Gas %       
Anode 
Stoic 
Cathode 
Stoic 
Temperature 
(℃) 
Pressure 
(kPa) H2 N2 CO2 CO H2O 
Current 
Density 
(A2/cm2) 
Voltage 
(V) 
Power 
(W/cm2) 
1.5 2 200 101.3 100 0 0 0 0 0 0.98 0.000 
1.5 2 200 101.3 100 0 0 0 0 0.05 0.742 0.037 
1.5 2 200 101.3 100 0 0 0 0 0.1 0.72 0.072 
1.5 2 200 101.3 100 0 0 0 0 0.2 0.675 0.135 
1.5 2 200 101.3 100 0 0 0 0 0.3 0.65 0.195 
1.5 2 200 101.3 100 0 0 0 0 0.4 0.628 0.251 
1.5 2 200 101.3 100 0 0 0 0 0.5 0.609 0.305 
1.5 2 200 101.3 100 0 0 0 0 0.6 0.589 0.353 
1.5 2 200 101.3 100 0 0 0 0 0.7 0.57 0.399 
1.5 2 200 101.3 100 0 0 0 0 0.9 0.532 0.479 
1.5 2 200 101.3 100 0 0 0 0 1.1 0.492 0.541 
1.5 2 200 101.3 100 0 0 0 0 1.3 0.451 0.586 
1.5 2 200 101.3 100 0 0 0 0 1.5 0.406 0.609 
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Post-
80 cycle        Anode Gas %       
Anode 
Stoic 
Cathode 
Stoic 
Temperature 
(℃) 
Pressure 
(kPa) H2 N2 CO2 CO H2O 
Current 
Density 
(A2/cm2) 
Voltage 
(V) 
Power 
(W/cm2) 
1.5 2 200 101.3 100 0 0 0 0 0 0.971 0.000 
1.5 2 200 101.3 100 0 0 0 0 0.05 0.747 0.037 
1.5 2 200 101.3 100 0 0 0 0 0.1 0.716 0.072 
1.5 2 200 101.3 100 0 0 0 0 0.2 0.67 0.135 
1.5 2 200 101.3 100 0 0 0 0 0.3 0.642 0.195 
1.5 2 200 101.3 100 0 0 0 0 0.4 0.618 0.251 
1.5 2 200 101.3 100 0 0 0 0 0.5 0.597 0.305 
1.5 2 200 101.3 100 0 0 0 0 0.6 0.575 0.353 
1.5 2 200 101.3 100 0 0 0 0 0.7 0.553 0.399 
1.5 2 200 101.3 100 0 0 0 0 0.9 0.508 0.479 
1.5 2 200 101.3 100 0 0 0 0 1.1 0.462 0.541 
1.5 2 200 101.3 100 0 0 0 0 1.3 0.414 0.586 
1.5 2 200 101.3 100 0 0 0 0 1.5 0.361 0.609 
                        
Post-
100 cycle        Anode Gas %       
Anode 
Stoic 
Cathode 
Stoic 
Temperature 
(℃) 
Pressure 
(kPa) H2 N2 CO2 CO H2O 
Current 
Density 
(A2/cm2) 
Voltage 
(V) 
Power 
(W/cm2) 
1.5 2 200 101.3 100 0 0 0 0 0 0.972 0.000 
1.5 2 200 101.3 100 0 0 0 0 0.05 0.748 0.037 
1.5 2 200 101.3 100 0 0 0 0 0.1 0.716 0.072 
1.5 2 200 101.3 100 0 0 0 0 0.2 0.671 0.135 
1.5 2 200 101.3 100 0 0 0 0 0.3 0.642 0.195 
1.5 2 200 101.3 100 0 0 0 0 0.4 0.617 0.251 
1.5 2 200 101.3 100 0 0 0 0 0.5 0.595 0.305 
1.5 2 200 101.3 100 0 0 0 0 0.6 0.572 0.353 
1.5 2 200 101.3 100 0 0 0 0 0.7 0.55 0.399 
1.5 2 200 101.3 100 0 0 0 0 0.9 0.505 0.479 
1.5 2 200 101.3 100 0 0 0 0 1.1 0.459 0.541 
1.5 2 200 101.3 100 0 0 0 0 1.3 0.411 0.586 
1.5 2 200 101.3 100 0 0 0 0 1.5 0.359 0.609 
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Appendix 2 – Test Stand, Cell Build and Operating Procedures 
Section A2.1 - Test stand flow diagram 
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Section A2.2 - HT-PEM cell disassembly and re-build procedure 
 
Tools needed:  
1(14) - 1/8 Hollow tip 
punch, kept in 1 
2 - Test Cell 3 – Nitrile 
gloves 
4 - DI Spray Water Bottle  
5 - Cutting mat  6 - Cell Cutting 
Guide Zip lock bag 
7 – PFA 
Gaskets 
8 - Torque wrench up to 60 
in-lbs with 7/16 socket 
9 – Plastic Brush 10 – 7/16 Wrench 11 – Sharpie 12 – Plastic bag 
13 – Utility knife Hammer for punch   
 
 
  
1 
3 
4 2 
5 
6 7 8 
9
 
10 
11 12 
13 14 
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Disassembly 
1. Before disassembly, make sure you have a clean working area to set cell pieces down on. 
Most of the tools for disassembly and the new cell build are in a large zip-lock bag. 
2. Put on nitrile gloves. 
3. Place cell on table next to the cutting mat with the cathode side up.  Always build and 
disassemble from the anode up. 
4. Completely loosen all bolts of the cell using a 7/16 wrench or socket. For disassembly, 
the order of loosening the bolts does not matter.  
5. Take bolts out of end plate and set in a pattern next to the cell similar to how they were 
taken out.  This is to ensure the same bolts go in the same spot. 
6. After all bolts are removed, lift the end plate and the cathode flow field plate off the cell.  
Be careful to hold the cathode flow field so it does not drop as it is not attached to the end 
plate. Set the end plate down on its back next to the anode end plate. 
7. Remove the current MEA with the gaskets from the test cell. Label the cathode side of 
the gasket in case the MEA is tested in the future. Place removed MEA in a zip lock bag 
and label it.  
8. Remove the two plastic alignment pins and set aside. Do not lose these.  
9. Take the flow field plates to the sink and rinse off with warm tap water while scrubbing 
with the plastic brush. Remove any particles noticeable in the flow field plates. NEVER 
USE A METAL WIRE BRUSH. This could permanently damage the flow field plates. 
10. Dry flow field plates with paper towels then rinse with the DI spray water bottle. Dry 
again with paper towels. 
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11. Bring flow field plates to a compressed air line and blow dry. Once they are fully dry, 
bring the flow field plates back to the rest of the test cell for reassembly. 
Assembly  
Note - HT-PEM MEAs are extremely hydroscopic. To ensure maximum performance, try to 
complete re-build within ~5 minutes as the MEA will absorb the moisture in the air which in turn 
removes the phosphoric acid from the MEA. 
1. Make sure the cutting mat is clean and wipe down thoroughly. 
2. Remove the MEA from the manufacturing packaging. Often the MEA comes in a plastic 
insert, set the MEA on top of the insert on the cutting mat to ensure cleanliness.  
3. Place one gasket over the MEA making sure the electrode of the MEA lies within the 
square cutout of the gasket. 
4. Align the cutting guide on the test cell ensuring the diffusion electrodes lie within the 
scribed square of the plastic. 
5. Precut pin holes in the MEA and gasket using the 1/8 hollow tip punch and plastic die.  
6. Flip the MEA to the cathode side and align the cathode gasket in the same manner as step 
3. If the pin holes of the MEA are visible, use these as a guide to cut pin holes in the 
cathode gasket. Otherwise follow steps 4 and 5 for the cathode gasket. 
7. Align both gaskets on either side of the MEA with the cathode on top. Place the cutting 
guide on top and cut any excess material located around the outside of the guide off of 
the MEA and gaskets. 
8. Place the anode flow field on the anode end plate making sure the letter “A” is at the top 
of the cell.  Put in the MEA alignment pins. Move the anode end plate with the flow field 
to the mat.   
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9. Align the anode gasket on the cell using the alignment pins. Align the MEA cathode 
facing up using the pin holes as guides. 
10. Align the cathode gasket using the pin holes as guides.  
11. Place the cathode flow field on top. Make sure the letter “C” is at the top of the cell.   
12. Take the cathode end plate and place on the cell. 
13. Finger tighten all bolts as much as possible.  Use the 7/16 wrench if necessary but do not 
go beyond minimal hand pressure. 
14. Set the torque wrench to 30 in-lbs.  
15. Tighten all bolts in a star pattern up to 30 in-lbs. 
16. Repeat for 35 in-lbs, 40 in-lbs, 45 in-lbs, and 50 in-lbs.  
17. Hook the test cell up to the stand and purge with nitrogen.   
If you are not running a test, ensure the test cell is sealed with  
only nitrogen inside. 
  
3 
5 
6 
8 
4 2 
7 
1 
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Section A2.3 - PEM Test Stand Quick-Start Guide for HT-PEMFC tests 
 
Startup 
1. Set up test cell with proper connections. 2 current leads, 2 voltage leads, 1 thermocouple in 
the top of the cell, heating rods are plugged in, fans are setup but not plugged in, inlet and 
exhaust gas connections are wrapped tightly covering all metal connections to the test 
cell. 
 
Figure A.1.  Proper HT-PEMFC test cell setup 
2. Turn on power to the test stand with the handle disconnect switch.    
 
3. Turn on power to the PC if not already on.  
4. Turn on the power to the left heat tape controller. This begins heating the anode inlet gas line 
which has the most exposed metal. 
Tightly 
wrapped 
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Figure A.2. Heat tape controllers: Left for anode gas heat, right heats the reformate exhaust if 
being used 
 
5. Close all excel files prior to starting GTE program to prevent multi-sheet software error. 
6. Start the GTE program using the desktop “GTE shortcut” icon  . 
7. Check Watlows, pressure gages, and connections for proper readings/conditions.   
8. Note during startup, there may be an error indicating a pressure differential in the stand. 
Proceed with caution but it is likely a result of the HT-PEMFC being sealed off from the 
stand such that a minimal pressure builds up in the stand. This only results from the stand 
sitting unused for a while or improper shutdown procedures. Hit ok and continue. 
9. Ensure all 6 manual ball valves for the gasses are shut in the laboratory. 
 
Figure A.2. Manual ball valves 
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10. Turn on the hood exhaust flow for test station 2 in the laboratory, room 1240.  Confirm 
exhaust air flow.  
 
Figure A.3. Hood Exhaust Knobs  
 
11.  Open valves for the chilled water supply and return, and the DI water. 
 
 
Figure A.4. Chilled water supply valves left, and DI water valve right 
 
12. Use the lab PLC HMI in room 1230 to turn on the desired gases by touching the gas label, 
holding until a menu appears, select desired gases, and then touch Start Test. 
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Figure A.5. PLC Gas Selection 
 
13. In room 1240, open the desired manual ball valves on lab gas rack including the air valve.  
Decrease the regulator, then open the manual bell valve. Slowly increase the regulator to set 
the pressure: 80 - 110 psig for all gasses. Do not go above 120 psi. The N2 will NOT hold 
pressure due to IP’s venting. 
14. Open the anode and cathode exhaust ball valves of the test cell.  
 
Figure A.6. Cell exhaust ball valves 
 
15. Ensure the anode and cathode inlet 3 way valves are set in the direction such that gas flow 
will NOT come from the test stand into the test cell. 
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Figure A.7. Anode and cathode 3-way ball valves 
 
16. Open the anode nitrogen inlet valve. 
 
 
Figure A.8. Anode nitrogen inlet valve 
17. Open the external nitrogen purges valve and set pressure to ~5 psi 
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Figure A.9. External nitrogen purge valve 
 
18. IT IS IMPORTANT TO READ THE NEXT 4 STEPS BEFORE MOVING ON SO 
THEY CAN BE COMPLETED AS QUICKLY AS POSSIBLE. STEPS 19-22 
 
19. Turn Controls Power knob on the front of the stand to the “Start” position until the Stand 
Alive indicator in Labview is on. Release knob. This can be startling the first time. This may 
take 2-3 attempts before the stand turns on due to the N2 purge vessels being filled. 
 
20. Move to the operations tab of the Labview program and open both Bypass buttons on the 
cathode and anode. 
128 
 
 
Figure A.10. Operations tab of screener program with important startup controls 
 
21. Set the Dew T/RH for both anode and cathode to 0. 
22. Set the cell temperature to 120oC. 
23. Set the CELL_AREA to the proper cell size (45.2 for the PBI and TPS cells from Advent). 
24. When the cell has reached 120oC, close the external nitrogen valve (On the right side of the 
stand). 
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25. EXTREMELY IMPORTANT: MAKE SURE THE ANODE INLET NITROGEN 
VALVE IS CLOSED. IF OPEN DURING A TEST, THE POSSIBILITY OF VENTING 
ANODE GASES INTO THE LAB EXISTS.  
 
 
Figure A.11. CLOSE anode nitrogen inlet valve. It is open in the picture above 
26. Set the anode and cathode 3-way valves to the position where gases are entering from the test 
stand. 
27. Set the “H2%” to 100. 
28. Set the “FLOW_CONTROL” to load equivalent 
29. Set “Anode stoic” to 1.5. 
30. Set “Equivalent Load to 0.2 A/cm2 and wait ~10 seconds. 
31. Set the “Cathode Stoic” to 2.0. 
32. Set the “Mode” to voltage control or “V” 
33. Set the “Potential” to 0.8 volts. 
34. Hit the green “LB Enable” button. 
35. Set the “Cell Temp” to the desired temperature of > 160oC. 
36. Run test protocol either manual or using script. 
Shutdown – Assumes the test cell temperature is above 120oC 
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1. Unless testing a specific shutdown protocol, follow this procedure. 
2. Set anode and cathode stoichiometries to 1.5 and 2.0 respectively. 
3. Ensure “H2%” is at 100%. 
4. Set “FLOW_CONTROL” to Load Equivalent and the “Equivalent Load” to 0.2 A/cm2. 
5. Set the “Mode” to voltage control or V 
6. Set the potential to 0.8 and turn the load bank on. 
7. OPTIONAL: If you wish to purge the CO line for working on the stand, do this now. Close 
the CO gas rack ball valve and empty the gas in the CO line to the exhaust by opening the 
CO exhaust ball valve. Do this slowly ~2 psi/sec.  Move to the stand control and open the CO 
flow controller using the FlowVision software on the desktop. When opening FlowVision, 
navigate to Polling → Start Polling → All. Double click on the 1 SLPM flow controller 
which is the CO controller. Set the CO flow controller to 0.1 SLPM in the control tab, then 
switch to the general tab. Wait until the flow controller reads 0 SLPM, indicating the CO is 
empty from the line. Close the CO flow controller by hitting “close valve” on the control tab. 
Close the FlowVision program. 
8. Set the cell temperature to 120oC and wait for the cell to cool. 
9. OPTIONAL – USE AT OWN RISK: You may plug in the fans to cool the cell faster but 
you MUST keep watch because the cell temperature will drop below 120oC with the fans 
plugged in, possibly ruining the MEA because liquid water may form. 
10. Once the cell reaches 120oC, unplug the fans if plugged in and turn off the hydrogen and air 
flow to the test cell by setting the Equivalent Load to 0 A/cm2. 
11. Close all gas manual ball valves except for N2 and air. 
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12. OPTIONAL: If you wish to purge the H2 line for working on the stand, do this now. Close 
the H2 gas rack ball valve and empty the gas in the H2 line to the exhaust by opening the H2 
exhaust ball valve. Do this slowly ~2 psi/sec. Move to the stand control and set the “flow 
control” to Manual. Ensure the “H2%” is at 100 and set the Anode flow to 0.2 SLPM. Wait 
until the flow controller reads 0 SLPM, indicating the H2 is empty from the line. Set the 
Anode flow to 0 SLPM.  
13. Set the “H2%” to 0. 
14. Set the “FLOW_CONTROL” to manual. 
15. Set the “Anode Flow” to 0.2 SLPM and purge the anode line for ~ 1 minute. 
16. After 1 minute, hit the ESTOP button. 
17. Set the anode and cathode 3 way valves such that gas flow does not come from the stand. 
18. Open the anode inlet nitrogen ball valve. 
19. Open the external nitrogen purge ball valve on the side of the stand. Set the pressure to ~ 5 
psi. 
20. Wait for the cell to cool to at least 100oC but it may be best to wait till 80oC if a lot of 
impurities were used in the test. 
21. Once cell reaches 100 or 80oC, close cell exhaust ball valves. 
22. Close the external nitrogen purge ball valves, sealing nitrogen in the cell. 
23. At the gas rack, turn of the chilled water valves, the N2 valve, the DI water valve, and the air 
valve. 
24. Turn off the anode inlet gas heater. 
25. Shut off the Screener program. When requested to “Save all” vs. “don’t save all” select don’t 
save all. 
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26. Shut off power to the back of the stand. 
27. Go to the PLC in room 1230 and hit “Stop Test” to shut the solenoid valves at the gas rack 
and outside. 
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Section A2.4 - PEM Test Stand General Operating Procedure 
    
 
Steps: FOLLOW IN THE ORDER LISTED 
 
Note:  N2 pressure ≤ 65 psig or Air ≤ 50 psig may cause “Hardware Estop” at startup. 
 
Lab 
37. Check the laboratory Honeywell gas sensor display and PLC HMI screen in 1230 for 
calibration and operation status. 
 
Figure A.12. PLC HMI Screen  
38. Check all gas, liquid, and electrical connections for leaks or damage.  Inspect the test stand 
for damage or operating issues. Check water supply tank: stores energy when stand is shut 
down (pressure ≤ 75 psig). 
39. Ensure all 6 manual ball valves for the gasses are shut in the laboratory. 
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Figure A.13. Honeywell Gas Sensor Display 
40. Turn on the hood exhaust flow for test station 2 in the laboratory, room 1240.  Confirm 
exhaust air flow. Confirm stand exhaust is properly connected to lab exhaust system (2 
places). Confirm water level in gas trap.  
 
Figure A.14. Hood exhaust knobs and test station valves and regulators 
41. PEM stack setup: Note: RED for cathode connection, BLACK for anode connection. 
Ensure fans are not plugged in for HT-PEMFC. 
a. Place the adjustable base. 
b. Place the rubber current isolator on adjustable base. 
c. Place the PEM fuel cell on rubber isolator.  The letters on the cell are always on the 
top side. 
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d. Adjust the height of adjustable base so the top of base is slightly higher than the front 
panel exhaust ports to prevent reverse exhaust flow. 
e. Hook up all connections, 13 total. 
f. Hook up inlet feeds – 2 connections.  For co-flow, connect anode and cathode inlet 
feeds on the lower side of the cell.  For counter-flow, connect cathode on lower and 
anode on upper side. 
g. Hook up exhaust lines – 2 connections. 
h. Electrical connections – 2 voltage leads and 2 current leads. 
i. Place fans alongside cell – 2 connection. 
j. Put heating rods into cell – 2 connections. 
k. Install cell thermocouple into either the top of side of cell – 1 connection. 
42. Wrap the inlet and outlet gas connections with fiber insulating wrap to prevent condensation. 
Ensure they are tightly wound 
43. Turn on power to the test stand with the handle disconnect switch.    
 
44. Turn on power to the PC if not already on.  
45. Make sure Agilent load bank is turned on at the front of the stand (Max 120 A, 600 W) 
Test Stand 
46. *Note: This step may not need to be performed for all tests 
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Under C:\GTE\Test Engine Projects\Screener\Config\Tags.xls, check software inputs/outputs 
and calculations (Memory) are correctly setup and active. Check variables to be recorded are 
accurate under C:\GTE\Test Engine Projects\Screener\Config\Testplan.xls, 
 
 
Under the Safety tab in the Testplan.xls, check that the shutdown limits are properly 
set. 
47. Close all excel files prior to starting GTE program to prevent multi-sheet software error. 
48. Start the GTE program in LabVIEW. In LabView, confirm all sensors are reading 
appropriately [check under Tag View on the GAPC screen]. 
Just WAIT, it takes time to load the components. 
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49. Check Watlows, pressure gages, connections, and test article for proper readings/condition.  
{When voltage leads are shorted, the load bank should read 1mV. Heating rod resistance 
~37ohm}  
 
 
50. Plug in heater rods and fans. 
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51. *Note, the Saturator Drain knob on the front of the stand allows periodic partial draining of 
the bubbles so that the bubbler temperature can be cooled faster during tests. Be aware of the 
DI water tank level in back of stand when turning on this the saturator drain. 
Lab 
52.  Open valves for the chilled water supply and return. 
53. Use the lab PLC HMI in room 1230 to turn on the N2 and H2 gas by touching the gas label, 
holding until a menu appears, select desired choice, and then touch Start Test. 
 
Figure A.15. PLC Gas Selection 
54. Adjust all of the gas regulators to reduce the outlet pressures to 0psig by turning them 
counter-clockwise. 
 
55. In room 1240, open the Nitrogen and Hydrogen manual ball valve on lab gas rack.  
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Decrease the regulator, then open the manual bell valve. Slowly increase the regulator to set 
the pressure: 80 - 100 psig for H2, N2, and Air. The N2 will NOT hold pressure due to IP’s 
venting.  
56. Check current H2O water tank over pressure valve to make sure the H2O system is not 
leaking. 
57. Perform pressure and flow check on stand startup. Including periodic check of stand gas 
detection sensor (every 6 months) 
58. Monitor the lab gas sensors for leaks. 
Testing 
59. Turn Controls Power knob on the front of the stand to the “Start” position until the Stand 
Alive indicator in Labview is on. Release knob. This can be startling the first time. This may 
take 2-3 attempts before the stand turns on due to the N2 purge vessels being filled. 
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60. Setup test via manual inputs or scripts. If you desire to run in manual mode and log data, 
navigate to the Datalogging tab.  Enter description of test and hardware, as desired, in the 
Cell Number and Protocol Worksheet fields.  Set the Filename path. 
61. Scripts are loaded through Matrix or Matrix Stacker via Labview or Testplan.xls.  When 
running a script, first load the script file using the “?” button.  Then select the sheet name you 
wish to run. Hit “Parse Matrix”. Then hit “Start Test Matrix”.   
62. The idea behind the stacker function is to provide the capability to load multiple sheets from 
one or more excel file. When using the “stacker” function, select “Matrix Stacker” under the 
view tab. Make sure to enable “After” button to list the individual scripts. Clear the previous 
sheets by selecting “Delete All Sheets”. Load the Test Matrix File. Select the sheet name and 
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select add sheet.  Continue until all sheets are loaded in the proper order.  Then select Parse 
and Run Stack. 
63. In Manual mode, go to the Operations tab in Labview and select the Flow_control type: 
Manual, Constant Stoic or Load Equivalent. 
a. Manual: allows operator to enter slpm (0°C, 1atm) rates, and load requests.  
b. Constant Stoic: allows operator to enter the load request and ratio of H2 and Air with 
respect to their individual minimum molar rates needed to theoretically achieve the 
requested power. {A stoic of 1.0 means the power can theoretically be achieved with 
the equivalent number of moles of H2 and Air.  Typical operation is closer to 1.5 
stoic}. Typically for constant voltage tests. 
c. Load Equivalent: typically for polarization curves.  Set Equivalent Load (A/cm2) and 
Cell_area. 
64. Can set anode and cathode relative humidity level or dew point temperature, and cell 
temperature.  If Fill Disable is selected the bubblers will not fill.  The Bypass button will 
flow gases through the tee above the vaporizers instead of up through the water. 
65. Setting Vent ENBL requests back pressure setting downstream of cell (kPa abs). Note that 
anode pressure can be slow to build due to of small H2 volume flow. 
66. Press the Load Bank enable button to activate.  Load bank can be set to constant voltage or 
constant current. 
67. When logging data, ensure the “logging” button is pressed and GREEN in the Datalogging 
tab. 
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Shut Down Procedure 
1. If you are not running a shutdown script, simply hit the e-stop button on the 
screen or on the stand. 
2. Save all work and shut down all programs. 
3. Shut off computer. 
4. Shut off stand. 
5. Close all manual ball valves, H2, N2, Air AND the chilled water. 
6. *Note: This step may not need to be completed if you will be running the stand 
the next day.  
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Open valves to relieve pressure in the gas lines entering the stand. 
N2: Turn the air ram from “off” to “on”. Valve located on the front of the stand 
 
 
 
H2: Open ball valve located on the H2 line in the back of stand.  Do not adjust the 
needle valve as it is already set allow H2 to bleed at a proper rate. 
 
 
 
 
 
 
 
Air: Crack the air line somewhere before it enters the stand.  The easiest location 
is where the air enters into the FC lab. 
 
Needle valve; 
do not adjust 
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7. Shut off solenoid valves at the PLC HMI screen 
 
 
 
 
  
Easiest location 
to crack the air 
line is here 
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Section A2.5 - Procedure for drying test stand 
 
1. Turn off the stand and exhaust H2 in the pipe using the switch on top of the test stand. 
 
2. Dislocate the H2 source for the test stand and block it. 
3. Connect air pipe to the opening. (Now the H2 source of the test stand will flow with 
air)  
4. Connect the N2 pipe to the opening that used to be the air source of the test stand. (N2 is 
required for the starting of the test stand) 
5. Connect air to the N2 opening. (Now the H2 and N2 flow controller are all connect 
with air) 
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6. In front of the test stand, connect the inlet and outlet directly for both anode and cathode 
7. Turn on the test stand and setting the Dew/TRH as 0 for both anode and cathode 
8. Flow control choose manual 
9. Anode flow: 0.2 slpm 
10. H2% setting: 100% (Now the air will flow through large scale H2 controller) 
Running overnight 
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11. Change the H2% setting: 50% (Now the air will flow through small scale H2 controller 
and N2 controller) 
Running overnight 
          
 
 
 
 
 
 
 
 
 
